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Abstract 
Component miniaturization and its growing demand have challenged the industry and 
researchers to find new manufacturing methods to fabricate micro-components with 
precision, good quality and high productivity. As most of the conventional processes 
presents limitations in terms of scaling from macro to micro manufacturing and have 
additional finishing processes requirements, the likely choice is then the non-
conventional manufacturing processes. These processes are called non-conventional 
as there is no direct contact between tool and the workpiece, like in the conventional 
ones thus, eliminating entirely theinduced stresses and the tool wear. Furthermore, the 
non-conventional processes have the capability to scale down to micro-dimensional 
level without difficulty.  However, each non-conventional process will have its 
limitations and applicability to either meso (1-10 mm) micro(under 1 mm) or 
nanoscale. There is a diversity of processes labelled as non-conventional from 
chemical, photochemical and lithography based processes to spark erosion, abrasive 
water erosion and laser beam based processes. 
The current research focus is on the manufacturing of miniature spur gear of stainless 
steel grade SS304 with outside diameter of 9.04 mm and face width of 4.5 mm. 
Miniature gears are critical components for a multitude of miniature devices like 
micro-motors, small pumps and flow-control devices,actuators, harmonic drives and 
complex fuel injection devices. Their function is to transmit motion and,at times low 
to medium power,hence good operating performance and service life is required. 
These requirements are governed by the surface finish and integrity characteristics 
and the accuracy of the geometry. 
As reviewed literature revealed, an intensive effort was dedicated to the fabrication of 
miniature gears by spark erosion machining, particularly the wire electric discharge 
machining (WEDM), with good results in terms of geometrical accuracy and surface 
quality. However, the process productivity is very low. In other research, abrasive 
water jet machining (AWJM) was investigated as a possible fabrication process of 
miniature gears. Although a good surface finish was obtained, the process has a low 
material removal rate. 
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The past research on laser beam cutting is relatively extensive however, no attempt 
was made to use the process in the fabrication of components with intricate geometry 
such as a miniature gear.  
In the current research, laser beam cutting has been investigated, as the process has 
high productivity rates and great flexibility hence, the need to establish it as a possible 
manufacturing process for the fabrication of miniature gears. For that, a multi-stage 
experimentation was conducted starting with the pilot experiments used to ascertain 
the useful range of input parameters for which a low surface roughness is obtained. 
After consideration toDesign of experiments (DOE) techniques, the next stage was the 
main experiments for which the experimental plan was designed based on Box-
Behnken Design (BBD). Four parameters were considered namely: laser cutting, focal 
position, cutting speed and gas pressure, on three levels, resulting in a number of 29 
experimental runs. The aim was to evaluate the surface quality, the productivity and 
the dimensional accuracy therefore the measured responses were the surface 
roughness in terms of roughness depth Rz, and average surface roughness Ra, the 
material removal rate (MRR) and the dimensional deviation (DD). The results were 
analysed with Design expert software, using ANOVA technique to identify the 
important process parameters effect and their interactions on responses. With further 
optimization of the input parameters using desirability analysis, an improved quality 
gear was obtained. The final stage of experimentation was performed to validate the 
optimized results. A comprehensive investigation of the gear tooth micro-structure 
and heat affected zone for the optimized gears, with the use of scan electron 
microscopy, is presented.  Also the surface hardness was examined to determine the 
depth of the change in structure from the base material and ascertain its influence on 
the surface quality. 
The investigation, which was conducted on a CO2 laser cutting system of 3.2 kW 
maximum output power, highlighted the complex and dynamic nature of laser beam 
cutting process where each parameter interaction will affect the investigated response.  
For example, a good surface roughness will result from the combination of either high 
laser power with maximum gas pressure or minimum cutting speed with maximum 
laser power.A minimum dimensional deviation is obtained at a combination of high 
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laser power with high cutting speed and a focal position situated at distance from the 
top of the workpiece of around one third of the thickness. 
 Ultimately, a successful optimization, as validated by the confirmation experiments, 
resulted in a high quality gear with a good surface integrity, free of micro-cracks, 
voids and other defects with minimum dross attachment and a low surface roughness.  
The surface and sub-surface of the machined tooth presented and increase in hardness 
that contribute to the wear resistance while, the minimum depth of heat affected zone 
(HAZ) discovered, render no adverse thermal effect on the machined surface. 
Therefore, the present study is a novel research that is validating the capability of 
laser beam cutting process to fabricate good quality miniature spur gears with 
incomparable productivity rates. This situates the process at the forefront of non-
conventional machining for its system’s flexibility and its capacity to process any 
miniature components with complex shapes and, as compare to other processes, at the 
highest removal rates.   
 
 
Keywords: laser cutting, miniature gear, optimization, productivity, surface integrity, 
surface roughness. 
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Chapter 1.  Introduction 
1.1. Introduction to Miniaturization and Miniature Gears 
Modern manufacturing trends have shifted towards miniaturization as industries like 
aerospace, automotive and bioengineering have an increasing demand for small 
devices, which are called micro electromechanical systems (MEMS). We all 
experienced the transformation of society by the emergence of computers and 
communication systems, information technology, microelectronics and knowledge-
based industry, but the computer systems evolution is the one that started the 
miniaturization process of the electronic components involved. Although initially the 
miniaturization was mainly applied to two-dimensional electronic circuits, nowadays 
this is applicable to three-dimensional devices and systems with greater potential for 
revolutionary technologicaland economical changes in our society.The major 
advantage of miniaturization is the extreme reduction in cost as minute components 
and devices require less material and energy to be produced, less space for storage, 
transportation and disposal that ultimately equates to much better use of resources and 
minimized adverse effect on the environment. The challenge in the fabrication of 
miniaturized devices remains the capability to manipulate material at micro and nano 
level and to achieve that in an economical way.A basic approach to direct downscale 
of a corresponding system to a microscopic scale is not practical due to scaling effects 
therefore, a major shift in approaching design and manufacturing processes is 
expected.   
 
Micro gears are one of key components of miniaturized devices and on their quality 
depends the functional characteristics of these devices therefore, requirements for an 
accurately controlled manufacturing process are high. The gears with an outside 
diameter less than 10 mm are generic called miniature gears with a further 
classification as meso-gears for outside diameter between 1 and 10 mm and micro-
gears for an outside diameter less than 1 mm [1]. These gears have precision 
requirements and/or power transmission requirements. Low to medium miniature 
power gears (up to 1HP), where the motion transition is the important factor, are 
required in power operated hand tools, home appliances, toys, etc. The precision 
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miniature gears have a relative fine pitch and are usually smaller in diameter and 
require a combination of motion transmission and high index accuracy with low 
backlash. Their precision is required not only in precision instruments and timing 
devices, but as components in a whole ranges of micro-motion devicesused in various 
industries from biomedical to robotics and automotive. Among the many types of 
gears, the spur gear is the most commonly used type, that connects two parallel shafts 
and, due to its simpler tooth profile, it is easier to accurately manufacture and 
measure.  
1.1.1. Miniature Gears Materials and Applications 
Depending on the application and performance requirements, the choice of suitable 
gear material is important. Gears may be fabricated from metallic or non-metallic 
materials such as different type of plastics. Non-metallic gears are used for high speed 
and no-load or very low load applications. The most commonly metallic materials 
used for miniature gears are stainless steel, aluminium, bronze and brass. Load caring 
and power transmission gears are made of steel and stainless steel as the material 
offers high strength, while non-ferrous materials brass, bronze and aluminium, with 
their light weight, good machinability and corrosion resistance characteristics, are 
used for fabrication of motion transmission gears[2,3].Stainless steel is an iron-based 
alloy which contains between 12 and 30% Cr and, although more expensive than 
standard grades of steel,its properties are far better when compared with mild steel. 
Stainless steel has higher corrosion resistance, eliminating the need for coating, has 
higher strength, hardness and ductility, it is low maintenance and has a more attractive 
appearance. For this reasons, stainless steel is used in a wide variety of applications 
and proves to be more economically viable when considering service life and life 
cycle costs.  
Traditionally, miniature gears were used mainly in watches and precise measuring 
instruments.Presently, miniature gears are used in a variety of devices like micro-
motors and actuators, harmonic drives,complex fuel injection and control elements, 
small pumps and flow-control devices. Their classificationextends to commercial 
applications, precision and ultra-precision applications andFigure 1.1illustrates some 
examples of devices where miniature gears are used.There can be seen that any device 
requiring motion and/or power transmission needs a miniature gear, and these 
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components uses have now extended from electronics, robotics and automotive 
devices to instruments used in surgery and health care, biomedical and scientific 
instruments.  
The conventional methods of fabricating miniature gears are classified as subtractive, 
additive and accretion processes or deforming processes. A subtractive conventional 
method used for miniature gears is gear hobbing, while the additive processes are die 
casting, metal injection molding and powder metallurgy. The processes where 
deformation of the material is required are stamping, extrusion, forging or hot 
embossing[4].These methods and their advantages and limitations will be discussed 
further in the chapter. 
 
 
Figure 1.1.Examples of miniature gear applications [5], with kind permission from 
Elsevier 
1.1.2. Quality of Miniature Gears 
The miniature gears have high requirements for precision and accuracy as this 
determines the functional characteristics of the devices they are part of. As these fine-
pitched gears are running at high speeds,the requirement is to deliver accurate motion 
transfer with minimum running noise. The operating performance and service life is 
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governed by the overall quality of gears that is defined by their surface finish and 
integrity, geometrical deviation from their nominal shape and surface structure. 
1.1.2.1. Surface Roughness 
Surface roughness is the generic term given to the microscopic irregularities of the 
surface, having the form successive peaks and valleys presenting variations in spacing 
and height. The surface roughness is directly resulting from a particular 
manufacturing process.  Studies revealed that surface roughness affect the function of 
machine parts as it greatly influences the resistance to wear, corrosion and fatigue 
resistance, load caring capacity, etc. 
A machined surface texture will have three components: the roughness, the waviness 
and the lay.The roughness is represented by the shortest wave-lengthirregularities 
while, the waviness is the longer wavelengthdeviation from the nominal form and, the 
lay represents the predominant direction of the surface texture. 
 
Figure 1.2. Profiles, sampling length and evaluation length (ISO4287-1997) 
The ISO standards defines three types of surface texture profiles namely primary 
profile (ISO 3274-1996), roughness profile and waviness profile (ISO 4287-1997) as 
shown inFigure 1.2 . The primary profile is measured on a sampling length equal to 
the cut-off wavelength to provide the primary profile parameters.  From this primary 
profile, the roughness profile is obtained after applying a short wave Gaussian profile 
filter. The sampling length is made of five equal segments over which the roughness 
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parameters are calculated. The waviness profile is also obtained from the primary 
profile by applying a long-wave Gaussian filter,subsequently is filtered with a short 
wave over a cut-off length equal to the sampling length.  
The surface roughness parameters defined in ISO 4287[6] are:  
 Average roughness ‘Ra’- the arithmetical mean roughness value which is 
given by arithmetical mean of the absolute values of the profile deviations (Zi) 
from the mean line of the roughness profile.The Ra, arithmetical mean 
roughness as shown in Figure 1.3is also called the average surface roughness. 
 
Figure 1.3. Diagram of the arithmetical mean roughness 
 Maximum roughness ‘Rt’– total height of the roughness profile is the 
difference between height of the highest peak and depth of the deepest valley 
within the evaluation length. 
 Mean roughness depth ‘Rz’ is the mean value of the five Rzivalues, in other 
words, the distance between highest peak and deepest valley for the five 
sampling lengths within the evaluation length.Figure 1.4is showing the total 
height of the roughness profile Rte. and associated profile roughness 
measurements: Rzi, Rz1max and Rz. 
 
Figure 1.4.Total height of the roughness profile 
 
The average surface roughness, Ra is most common used parameter for expressing the 
roughness of a surface that uses an averaging process of all the peaks and valleys 
while neutralizing the few outlying points, so they have no significant impact on the 
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final result. In other words, Ra does not differentiate between peaks and valleys 
hence, very different profiles can have the same Ra value.  Figure 1.5shows three 
surfaces with same Ra howeverthe visible functional characteristic of the surface is 
different.  
 
Figure 1.5. Examples of surfaces with same Ra 
The mean roughness depth Rz, represents a different, but associated method for 
measuring surface roughness that is averaging the five highest peaks and lowest 
valleys on the surface and is generally more impacted by the outliers. 
The measurements and analysis of surface roughness may be done with contact type 
instruments that makes a direct contact with the sample surface such as a surface 
roughness tester or non-contact measuring instruments such as atomic force 
microscope or white light interferometer. In Figure 1.6below is shown a contact type 
measuring instrument where a stylus travels along a surface that features periodic 
peaks and valleys, which generates a series of frequencies. Apart from the stylus the 
system has a transverse unit, an amplifier, a mode-selectable filter and anoutput 
display or data storage. This contact type is the most widely used and versatile 
measuring instrument for determination of the surface roughness parameters. 
 
Figure 1.6.Surface roughness tester diagram 
1.1.2.2. Surface integrity 
Surface integrity refers to changes in the chemical, thermal and mechanical properties 
of any machined surface as a result of the manufacturing process employed and that 
may include residual stresses, microhardness, heat affected zone, plastic deformation 
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or fractured layer.  For example, the parts machined by EDM or WEDM may form a 
white layer known as recast layer resulted from the solidification of un-expelled 
molten material [7-11].This recast layer is observed to have different microstructure 
than the parent material, to be very hard and brittle with indentations and voids on the 
surface and with potential of developing micro-cracks. 
Surface integrity may be evaluated in terms of surface topography and/or surface 
altered material zone. The surface topography refers to the surface roughness and the 
texture or lay of the outmost surface of the machined workpiece. Right below the 
visible surface, the next layer has different characteristics than the base material as a 
result of the effects of the specific manufacturing process. The changes in the 
properties may be caused by chemical, mechanical, thermal or electrical energies 
applied to the surface to be machined. The layer, as shown inFigure 1.7, represents the 
zone of metallurgical changes. 
Mechanical changes induced in the surface layer may be plastic deformations, 
residual stresses, micro or macroscopic cracks, hardness alterations, changes in the 
fatigue strength, etc. Due to thermal energy applied in the process, where the base 
material is heated to different degrees from the melting point and beyond, the heat 
affected zone (HAZ) will occur and possibly a recast layer of re-solidified material.  
 
Figure 1.7. Layers of change in base material 
Metallurgical and chemical changes induced by a particular process are the re-
crystallization, the grain shape and size change, transformation of phase, 
embrittlement, oxidation and corrosion, etc. 
The requirements for surface integrity are derived from increasingly higher 
requirements of component integrity as components sizes decreases and their design 
Surface topography
Base material
Zone of metallurgical 
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becomes closer to material limits and capabilities, while longer service life and better 
reliability are needed. 
There are many methods to quantify and qualify the surface integrity. However, the 
primary indicator of the surface finish quality is given by the surface roughness.  
1.1.2.3. Macro geometry parameters 
Gear accuracy requires an objective assessment of the deviations of various basic 
parameters from their theoretical geometrical form. The basic dimensional parameters 
of a gear such as span, tooth thickness, and outside diameter are the macro-geometry 
parameters that govern the functional characteristics of gears[3]. 
The span represents the distance across certain number of teeth along a line that is 
tangent to the base circle as shown in Figure 1.8b. Tooth thickness measurement is 
required for assessment and control of the backlash of two assembled gears. The tooth 
thickness is defined as the length of an arc between opposite faces of the same tooth 
[12], usually measured at pitch circle. The measurement of the tooth thickness may be 
done either by a specialized gear vernier caliper, a micrometer used in conjunction 
with balls, rolls or pins or a plate micrometer. The deviation in tooth thickness 
represents the difference between the theoretical value and the actual measured value 
and this deviation is the main cause for reduced or excess backlash. Outside diameter 
represents the maximum distance measured over two balls or rolls placed in 
diametrically opposed tooth spaces of a gear as shown in Figure 1.8 a. 
 
Figure 1.8. Measurement of: a) outside diameter and b) span 
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Involute spur and helical gears with deviations of the involute profile from the pure 
geometrical form, will not engage in a proper conjugate action causing a non-uniform 
motion or deviation from ideal motion transmission conditions which influence the 
operational characteristics like vibration, noise, increase wear and decrease life span 
of the gears. 
 
Figure1.9. Gear tooth thickness 
1.1.3. Conventional methods for the fabrication of miniature gears 
The conventional processes for fabrication of gears are classified as machining 
processes, forming processes and additive processes.   
1.1.3.1. Machining processes  
Machining processes are the subtractive type where the gear is generated or formed 
by removing the material with a cutting tool.  In the case of formed cutting, the tool 
may be a single point cutter as in shaping or a multiple point cutter as in milling and 
broaching [4]. The tool for the generating process has few teeth such that, when 
engaged in a relative rolling motion with a gear blank, it cuts and replicates the teeth 
on the blank and generates a gear. Spur and helical gears are manufactured by the 
forming method in gear hobbing. The bevel gears are manufactured by face milling 
and face hobbing. Gear hobbing is the only process used for manufacturing of 
miniature gears [4].The process can archive good surface finish only with proper 
tooling and small feed. Gupta and Jain[13], while performing a comparative study 
between WEDM and hobbing of miniature gears, found that the hobbed gear has an 
average surfaceroughness of 0.2 μm and the maximum roughness of 1.0 μm. 
Although these values representa great surface finish, the topographic investigation of 
10 
the tooth flank revealed that marks are left on the surface of the tooth flankby the 
cutter tool that will impact on the performance and service life of the component. In 
hobbing process the same cutter may be used to cut gears with same module with a 
good production rate in a variety of metallic and non-metallic materials. However, the 
process requires special tooling, and it is uneconomical for low volume production, 
does not allow for tooth modification such as tip relief, root alteration, profile 
correction and crowning [10]and the gear tooth surface presents undesirable hob 
cutter marks.   
1.1.3.2 Forming processes 
The most common forming processes for manufacturing miniature gears are stamping 
or blanking and extrusion. The stamping process requires two complementary shaped 
dies (a die and a pinch) that when the top die is pressed against the bottom one, it cuts 
the shape out of the sheet metal placed in between. The process is limited by the 
thickness of the material and can produce only light weight spur gears for no-load to 
medium-duty applications. When cutting a micro gear, as the shearing occurs between 
the die and the punch, the upper edge formed will present a fillet while a zone of 
fraction will appear at the bottom edge.Suzuki et al [14] investigated a die and punch 
system for cutting micro gears with 1.42 mm pitch circle diameter, 9 teeth and 0.18 
mm module out of 210μm thick SUS304. They used two methods, the finish blanking 
and the extrusion blanking and their final conclusion was that the extrusion blanking 
may be more effective from the production point of view. However, fracture occurs in 
the cut surface and there is a burr height that was not included in the evaluation of the 
process.  
The stamping process is applicable to materials such as low and medium carbon 
steels, brass and aluminium alloys. Additional shaving operationwill be required to 
obtain good quality gears.Theadvantages of the process are that is a highly automated 
hence ideal for large quantities manufacturing, can produce complex shapes at high 
production rate and low cost per item. It has a relatively quick set up and may be 
applied to any material that can be pre-processed in the form of strip or sheet. The 
process has limitations asthe thickness of the material as sheet thicker than 10 mm is 
difficult to cut with acceptable tolerances and surface finish. Not all types of materials 
can be processed as brittle non-metallic materials and very high hardness metals are 
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not suitable for stamping.The set-up costs especially costs for tooling are expensive 
unless the process is used for high volume production to become economical.The 
parts produced by stamping will have burrs and fracture zone at the bottom edge. 
Extrusion is the process where a material, with good drawing properties, is pushed or 
squeezed through a series of dies until it takes the form of the die, resulting usually in 
a pinion rod that have to be further cut into individual gears. The process is limited to 
meso spur gears only from materials like brass, bronze, aluminium, carbon steel and 
stainless steel and not appropriate for fine pitch gears. After extrusion a drawing 
operation is necessary to get the required accuracy.  
1.1.3.3 Additive processes  
The additive processes most used for the fabrication of miniature gears are powder 
metallurgy and die casting. In powder metallurgy, firstly the powders are obtained by 
various methods likemechanical processes, atomization, electric or electrolytic 
deposition, etc. then the powders are blended in a homogenous mixture before it is 
compacted in a die or a mold cavity to produce the so called “green compact”. This is 
then sintered in a furnace under controlled atmosphere, at a temperature below the 
melting point of the constituent materials. 
Powder metallurgy process offer the advantage for shaping of metals that are 
otherwise difficult to machine by other methods such as unusual metals or certain 
alloy combination and cermets.The process is comparable in dimensional control to 
most casting processes and can be automated for economical production [16].In 
powder metallurgy, the level of porosity can be controlled and that represents an 
advantage when that is the part requirement. The disadvantages are a high cost for 
tooling and equipment as well as for the powders, variation of density through the 
part, especially with complex geometry and limitations with the geometry of the part 
as the powder does not flow laterally in the die during pressing[16].Similar to the 
stamping processes, large volume production is required to make the process 
economically viable. 
In the die casting process, the molten metal is injected in the mold cavity under high 
pressure that is maintained through the solidification process; thereafter the cast 
product is removed from the mold.The process is a permanent mold casting process 
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where the mold is called a die, hence the name “die casting”. Although any gear can 
be fabricated to a semi-finish state by any casting process, the die casting produces 
acceptable dimensional accuracy, and surface finish.  Gears like spur, helical, worm 
or bevel as well as gears with special features such shoulder or stepped gears can be 
fabricated by die casting. For gears manufactured by die casting, trimming operations 
such as shaving or broaching may be required. The process is suitable for high fluidity 
metals and gears made of steel, brass, aluminium, bronze,zinc and magnesium can be 
produced at low cost when high volume production is employed. The advantages of 
die casting process are high productions rate of complex shape with good dimensional 
accuracy involving low cost finishing operations.  The process disadvantages are the 
high capital cost, possible porosity which prevents the part for further heat treatment 
or welding, 
All conventional processes discussed above make use of specialized tooling and their 
common drawback is mainly the tool wear and tooling costs together with the need 
for finishing processes required in order to improve the surface quality. This supports 
the need to explore alternative manufacturing processes that can overcome the 
limitations of the conventional processes. These alternative processes are called non-
conventional as the use of a tool in contact with the workpiece is eliminated while 
chemical, thermal or electrical energy is used to produce micro-components with high 
accuracy and good surface quality.  
1.1.4. Non-conventional methods for the fabrication of miniature 
gears 
The micro-manufacturing processes encompasses different techniques from 
lithography based, such as photolithography, chemical etching and LIGA 
(LithographieGalvanoformung Abformung), spark erosion machining techniques 
(SEM) such as EDM (Electric discharge machining) and WEDM (Wire electric 
discharge machining), to LBM (Laser beam machining) and AWJM (Abrasive water 
jet machining). The EDM, WEDM and AWJM are briefly presented below as these 
processes have been considered for the fabrication of miniature gears. 
 
1.1.4.1. Electric discharge machining (EDM) 
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The electric discharge machining is among the earliest non-traditional manufacturing 
process that achieved the material removal by controlled erosion when applying a 
series of sparks in a small gap between an electrode tool and the electrically 
conductive workpiece in the presence of a dielectric fluid. The micro-EDM process is 
based on the same mechanism as EDM whereby the power supply, the movement 
resolution of the machine axesand the size of tool are scaled down and properly tuned. 
One of the advantages of EDM is the inherent ability to machine any conductive 
material irrespective of its hardness without applying any pressure on the material. 
The non-contact machining is very important for micro-parts where conventional 
cutting tools may damage or deform the part.  The process has the capability to 
machine intricate micro-features with good dimensional accuracy, good surface 
roughness from difficult-to-cut materials without subsequent finishing operations. 
However, the process limitations are a very slow rate of material removal to which an 
additional time and cost for creating the electrode tool needs to be accounted and the 
high initial capital cost. 
1.1.4.2. Wire electric discharge machining (WEDM) 
The WEDM process has evolved from the technology of EDM sparking phenomenon 
as a non-contact technique of material removal. Initially was developed as a process 
for fabrication of tools and dies but recently has become a great alternative for 
producing micro-scale parts with high degree of dimensional accuracy and surface 
finish quality.  
The WEDM process is based on the use of an electric spark occurring between a very 
thin wire and the workpiece material that will result in a thermo-electric erosion 
involving melting and vaporization of the material. In this process, the power supplied 
is pulsed DC power and the spark is generated between the continuously moving wire 
that acts as a cathode and the workpiece that perform as the anode in the presence of a 
low strength dielectric fluid. The cutting along the geometry path is achieved by the 
movement of the work table on which the workpiece is fixed.  
WEDM can produce complex shapes with high quality surface finish and good 
dimensional accuracy. The parts are burr-free with corrosion and wear resistant 
surfaces that eliminates the need for finishing operations. The process is applicable to 
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any electrically conducting material, irrespective of their hardness, brittleness, 
toughness or melting points. In WEDM there is no direct contact between the 
workpiece and the wire therefore the mechanical stresses during machining are 
eliminated. There is no need for cutting tools or complementary shaped tool of the 
workpiece like in EDM. As the machines are highly automated, it is possible to start 
the process and leave it unattended to continue machining.  
The process requires a rigorous control of discharge energy and wire tension, as 
surface defects and geometric inaccuracy may be caused by violent spark discharge 
and deflection of wire known as wire lag. Also the high discharge energy levels may 
result in formation of recast layers. Other limitations of the process are the high 
capital cost, the low productivity hence not suitable for mass production and not 
applicable to very large components. 
1.2. Introduction to Laser Beam Cutting (LBC) 
Laser is the basically the abbreviation of Light Amplification by Simulated Emission 
of Radiation. In other words, laser is a monochromatic, coherent and cohesive 
electromagnetic radiation beam with wavelengths ranging from ultraviolet to infrared. 
The use of a laser beam for cutting, trimming and drilling holes has been around for 
more than five decades and since then has evolved into an extensively used method of 
material removal with cost effective solutions for manufacturing processes.  
The history of laser started in 1960 at Hughes Research Laboratories when T.H. 
Maiman successfully achieved simulated optical emission, followed by the 
development of first CO2 laser in 1963 by Kumar Pateland by 1967 pressurized 
oxygen passing through a nozzle was used as an assist gas to cut through a 1mm sheet 
of steel [17].Since then, laser cutting systems have been diversified and perfected to 
provide a reliable technology extensively used in industry for cutting of metals 
efficiently, with great precision and high cut quality. 
Laser beam cutting is the prevalent application of laser machining processes from 
macro to micro-machining scale. The process mechanism is based on the use of the 
intense energy laser beam localized on a small spot on the surface of the material to 
be cut. The material absorbs and converts the energy into heat that melts or vaporizes 
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the material while an assist gas, released through a nozzle coaxially with the laser 
beam, removes the molten metal from the cut zone. 
1.2.1. Laser System and Components 
The laser beam in any laser system is generated using the three main parts: a pump 
source, a gain medium and a resonant system as seen in Figure 1.10. The gain 
medium, where suitable excitation and population inversion occurs, may be liquid, 
solid or gaseous. The gain medium is contained in a chamber called cavity. A mirror 
is placed at each end of the cavity, one being partially reflective and the other, totally 
reflective mirror. These mirrors form the optical resonator of the laser system. The 
resulting amplified light is delivered via reflective optics (mirrors) or optic fibers to 
the cutting head. This is a complex device that delivers the laser output beam and 
incorporates the focusing lens, the tracking system and the nozzle together with assist 
gas delivery system. The movement of the laser beam along the path of the geometry 
to be cut is achieved by CAD/CNC controls of the cutting head and/or the machine 
working table.  Auxiliary equipment of a complete laser cutting system consists of 
power supply, cooling system, control system and assist gas delivery system. 
 
 
Figure 1.10. Basic laser system 
Amongst the commercial lasers available in the market used in metal processing, the 
NdYag wavelength of 1064 nm belongs to near infrared electromagnetic spectrum, 
while the CO2 laser with 10600 nm wavelength is a far infrared radiation. For that, the 
NdYag laser are suitable for highly reflective metals such as silver and their laser light 
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can be focused to a smaller spot size than CO2 laser and may be delivered through 
optical fibers.  
1.2.2. Laser Systems Types 
The laser systems can be continuous wave, mostly used for macro-machining with 
powers outputs up to several kW or pulsed beam systems where the power is 
delivered as a short burst of high energy for a very brief period of time. Their average 
power is below one kW and these systems are mainly used for micro-machining. 
Lasers can be solid state and fiber lasers, gas lasers, excimer lasers or dye lasers based 
on the gain medium that can be solid, liquid or gaseous. In the solid state lasers, the 
lasing material is a solid crystal such as ruby or NdYag (Neodymium doped yttrium 
aluminium garnet) or an optic fibre (Yb:Yag) while in gas lasers, the gain medium 
consists of a mixture of gases such as carbon dioxide, nitrogen, hydrogen and helium. 
For industrial applications there are two main types of lasers used, namely the CO2 
lasers and the NdYag lasers. TheCO2 laser is a continuous wave system, electrically 
pumped that radiates at 10.6 μm wavelength. The system has good beam quality and 
high output power that makes it suitable for thick section metal cutting.  
Table1.1. Comparison between CO2 and NdYag laser systems 
 CO2 NdYag 
Pumping method Electrically pumped High power light diode 
Gain medium Mixture of gases: CO2, N2, He and 
H2 
Solid crystal  
Beam delivery Via mirrors usually in continuous 
wave(CW) mode  
Via mirrors or via optic fiber, 
in CW or pulsed mode 
Wavelength Longer, not suitable for highly 
reflective materials;  
Shorter, capable to process 
copper, brass, silver  
Applications in metal 
processing 
Drilling, cutting, welding, on steel, 
stainless steel, aluminium,  
 
Etching and marking metals 
Steel heat treatment 
Cutting and welding thin steel 
sheet,  
 
The NdYag is a diode pumped system that can work in continuous wave or pulsed 
mode, and radiates at 1.06 μm wavelength.  This system, by comparison has a lower 
overall efficiency and beam quality [18].NdYag laser is preferred when thin section 
and highly reflective material such as copper or silver alloy is to be processed. The 
comparison between the two systems under discussion is presented in Table1.1 
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1.2.3. Methods of Laser Cutting 
The laser cutting mechanism depends on the type of material to be cut, its thickness 
and, the required cut quality. These methods are vaporization, fusion, reactive fusion 
and controlled fracture cutting. 
In laser vaporization cutting the high power and energy density applied in a very short 
time brings the temperature of the workpiece to the boiling temperature point causing 
the material to change phase to vapour. The assist gas, nitrogen, argon or helium, is 
delivered at low pressures of 1 to 3 bar and serves only to shield the cut.  It is mainly 
applicable to non-melting materials and is also called sublimation cutting. 
In fusion cutting, the power supplied is enough to melt the material and a reaction 
inhibiting gas, such as nitrogen or argon, is used as the assist gas. The gas is blown in 
the cut zone at pressures between 2 and 20 bar [19]and has the role to cool the 
material, to expel the molten metal and to prevent the cut edges from oxidation. 
Figure 1.11 depicts the process of fusion laser cutting mainly applicable to metallic 
materials. 
The reactive fusion is similar to the fusion laser cutting process except that the assist 
gas used is oxygen. The gas is blown into the cutting zone at pressures up to 6 bar 
[20]and will react chemically with the constituents of the material being cut. The 
reaction will result in release of energy that will contribute to the input energy 
provided by the laser beam, considerably increasing the total energy available at the 
cut zone. Also the reaction will result in an oxide layer on the cutting edge that 
influences the cut quality. This method is mostly used in high speed cutting of thick 
metal sheet. 
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Figure 1.11. Laser beam fusion cutting diagram 
1.2.4. Laser Cutting Parameters 
Laser cutting is a complex process governed by a multitude of factors with difficult to 
predict interaction. The parameters of laser cutting process can be classified as system 
parameters, the workpiece parameters and process parameters as illustrated in Figure 
1.12. The system parameters are inherent to the particular laser system used while all 
other parameters may be changed to meet desired outputs.  
The workpiece parametersrefer to the material type and thickness to be cut. 
Materials with lower reflectivity and thermal conductivity are most suitable for 
processing with laser.  Both CO2 and NdYag laser machines have excellent 
capabilities for cutting the most common material used in manufacturing industries 
which is steel in all variants: mild steel, stainless steel, tool steel or alloy steel.  
Melt film on 
the cut front
Ejected molten material 
and assist gas
Focus position
Nozzle stand-off
Cutting speed
Laser beam
Assist gas
Focusing lens
Nozzle
 19 
 
 
Figure 1.12.Laser beam cutting process parameters 
Aluminium, titanium and nickel-based alloys, which are increasingly used in the 
aircraft industry, are also fairly good processed by both laser systems. However, 
materials that are highly reflective like copper and its alloys, gold and silver, are 
difficult to cut.The thickness of the piece to be cut influences the power required to 
melt or vaporize the material and the cutting speed. For thicker materials, slower 
cutting speed and higher laser power is required. 
Alloy carbon steel of 40-50 mm thickness may be cut with CO2 laser and oxygen as 
the assist gas, with a good cut quality [20], while the same system was used to 
successfully cut steel and stainless steel up to a thickness of 300 mm [21]. 
Laser power also known as the heat input, is dependent of the type of material to be 
cut and its thickness, and the desired cutting rate. Materials like stainless steel and 
aluminium will require about 1000 W of heat input for cutting 1 mm thick sheet while 
mild steel and titanium of the same thickness, around 400 W of heat input.  
Cutting speed is the rate at which the laser beam travels on the path to be cut. Laser 
cutting is the most efficient process in terms of its feed rate. Maximum cutting speed 
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can be used when matched withthe appropriate level of power and assist gas pressure 
to successfully cut a given thickness with good cut quality. The cutting speed 
influences the width of HAZ, the formation of dross and burnt material at the bottom 
of the cut and the surface quality. 
The assist gas used in laser cutting may be an inert gas such as nitrogen, argon and 
helium, or a reactive gas such as oxygen.  The main role of the assist gas is to aid in 
the ejection of the molten metal from the cut zone. The pressure of the assist gas has 
an influence on the dross and striation formation on the cut surface. Stainless steel and 
Ni-based alloys are commonly cut with nitrogen as assist gas, whereas for titanium 
alloy argon is the choice. The other function of the inert gas is to provide cooling of 
the cut edge and help reduce the HAZ. Oxygen is generally used for cutting mild steel 
if the cut quality is not important. When using oxygen as an assist gas, an oxide layer 
will be formed on the cut surface that may need removal. For better cut quality, 
nitrogen assist gas is recommended while for higher productivity oxygen assist gas is 
suggested [22]. 
Focal point diameter refers to the minimum diameter of the beam spot where the 
laser beam is focused after being passed through a focusing lens. This focal point has 
the highest power density and can be positioned above the surface of the material to 
be cut, on the surface, or below it somewhere along the thickness of the material. This 
parameter has an influence on the melting zone (MZ) as a higher diameter will result 
in increased depth of the melting zone. 
The focal length is the distance between the focusing lens and the focal spot with 
minimum diameter. Longer focal lengths are required for cutting thick sections, while 
for thin sections a lens with shorter focal length is suggested [23]. 
The nozzle has the role to guide the assist gas in a coaxial fashion with the laser 
beam, and their good alignment plays a role in the cut quality. When misaligned, the 
gas may flow on the surface of the workpiece, creating undesirable burning or spatter 
of the molten metal resulting in a poor quality cut. The stand-off distance is the 
distance between the nozzle and the top surface of workpiece and is usually between 
0.5 to 1.5 mm to minimize turbulence [23].  There are few standard nozzles designs 
used in industry like parallel, conical, convergent, convergent-divergent nozzle, etc. 
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The nozzle diameter should be selected function of the type and thickness of the 
material and must deliver a good gas flow with uniformity in pressure and no shock 
waves that may adversely influence the cut quality. 
The process performance is measured by output parameters mentioned inFigure 
1.12,like the cut surface quality in terms of surface roughness and integrity, kerf 
geometry, etc., and material removal rate (MRR).The MRR is directly proportional to 
the cutting speed and the depth of the cut and is the ultimate indicator of the process 
productivity. Laser machining offers significant productivity advantage over other 
advanced manufacturing methods owing to its high cutting speed rates, however due 
to the dynamic nature of the process parameters interaction,the process productivity 
has to be carefully tuned with the desired cut quality.Hence, in the current reported 
work, thorough consideration will be given to the MRR as part of LBC process 
performance assessment. 
1.2.5. Advantages and Limitations of LBC 
Advantages 
 As LBC is a non-contact process that does not require tools, therefore there is 
no tool wear or tool change to consider nor any tooling associated costs. 
 The process is fast and flexible, fully CNC controlled with no requirements for 
special clamping or jigging therefore easy to switch from one cutting job to 
another. 
 The system is stable, reliable and very accurate;intricate profiles can be cut 
with cutting precision of about +/_0.05 mm. 
 Same system may be used to cut a variety of materials. 
 Minimum material waste as the cut width (kerf) is extremely narrow. 
 Suitable for mass production with high efficiency and accuracy when product 
replicas are required. 
 Each system used for laser beam cutting has its own advantages. The CO2 
lasers works better with thicker materials, has high efficiency, and provides 
good edge quality with very small HAZ. 
 The NdYag system is great with thinner sections, and can cut high reflective 
materials, such as aluminium, copper and many other non-ferrous metal 
materials which cannot be cut by other laser cutting machining. 
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 Laser cutting process is computer program controlled hence less human 
intervention except for observation and maintenance which reduces the risk of 
accidents and injuries. 
 Low running costs. 
 Short set-up time as each job is planned initially in a CAD environment with 
minimum material wastage and easily exported to the machine computer 
interface. 
 It requires lower power consumption than other cutting processes. 
Limitations 
 Not all metals can be cut by laser beam as the reflectivity of the material 
creates beam reflections issues that affect the optical lens system that focuses 
the laser beam.  
 Parts processed with the high intensity laser beam are exposed to heat that will 
result in a narrow heat affected zone along the cut edge. 
 Improper settings of the machine can cause burns on the material. 
 High initial capital cost. 
 The thickness of sheet metal to be cut is limited by the laser power of the 
machine and the cut quality required. 
 Safety procedures must be followed strictly. 
1.2.6. Applications of LBC 
Laser beam cutting process has experienced a growing popularity in the automotive 
industry. In general, lasers are used to process complete vehicle bodies with all the 
versatility offered by cutting, drilling marking and welding with laser beam. There are 
a wide range of uses of laser cutting process of components and functional parts, 
mainly sheet-metal parts required for BIW (body in white) or bumpers, crossbeams 
and supports, for car interior such as dashboards and consoles, etc.The process is used 
to cut a wide variety of materials and this are just few examples of the many uses of 
the process in car manufacturing industry.  
The aerospace industry, just like the automotive industry, have found the process to 
be crucial for cutting of components in various shapes and sizes mainly from high 
 23 
 
strength aluminium and titanium alloys with high precession, perfect finish and low 
heat affected zone. 
Electronic industry uses this technology to cut small and intricate parts with great 
accuracy in a variety of materials often with multiple layers. The process is used to 
cut the plastic and metal component that encases mobile phones, cutting of USD 
cards, printed circuit boards and microprocessors.  
As the process main advantage is to produce clean and highly accurate cuts with 
smooth finish, this render the process as ideal for fabrication of much smaller 
products, components and devices. From cutting silicon wafers to creating micro 
channels for biomedical devices and micro-fluidic applications, stents for coronary 
arteries etc., laser beam machining proved once more its capabilities and versatility. 
Laser micromachining processes are micro-drilling, micro-cutting, micro-grooving, 
micro-milling and micro-turning resulting in very small surface or 3D structures with 
dimensions ranging in the micron domain. For that, lasers with very short pulse 
duration of nano, pico even femtosecond are used to minimize thermal effects.  
The current research investigates the laser beam cutting process ability to fabricate 
critical mechanical components such as miniature gears of excellent quality, with 
minimum HAZ and maximum productivity using a CO2 laser system with nitrogen 
assist gas. 
1.3. Organization of Thesis 
Chapter 2 conducts an investigation on the past research regarding laser cutting 
process and the fabrication of miniature gear by non-conventional methods. The aim 
is to understand what has been explored and find the gap for the current research. For 
that a summary of the past research and the conclusions are provided. Based on this, 
the research objective of the current work is established. 
Chapter 3 presents the methods and tools used for the investigation. It investigated 
design of experiment (DOE) techniques and provides a three stage experimentation 
plan. It presents in detail the methods and tools used to collect data and to analyse it 
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Chapter 4 reports on the experimental data and details the analysis of pilot and main 
experiments. The selected input process parameters effect on the responses is 
presented for the pilot experiments. For the main experiments, validated statistical 
models are created for each response and the effect of input process parameters and 
their interaction on the responses are thoroughly investigated. 
Chapter 5 deals with the optimization of process parameters using desirability 
analysis. The method is used for single response optimization and multi-response 
optimization where two or more responses are optimized simultaneously. The 
optimized results are used for last stage of experimentation, the confirmation 
experiments. As data from the confirmation experiments as compared with the 
optimized results shows small differences, the optimization method is validated. 
Further the chapter presents the investigation conducted on the optimized gears to 
determine the surface integrity in terms of microstructure, heat affected zone (HAZ) 
and microhardness. 
Chapter 6 summarizes the purpose and the investigative steps of the current research. 
A comparative evaluation between all feasible non-conventional processes is 
provided. The major achievements and conclusions of this research work are 
presented together with future research recommendations. 
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Chapter 2. Literature Review 
 
This chapter presents the review of the past work on manufacturing of miniature gears 
by various advanced manufacturing processes, laser machining/cutting of various 
materials, and use of statistical and soft computing techniques for process 
optimization. Based on the overview of the previous work, this chapter also presents 
the identified objectives of the present research. 
2.1. Previous work on fabrication of miniature gears by advanced 
manufacturing processes 
The non-traditional manufacturing processes applicable to miniature gears are Electric 
Discharge Machining (EDM) and its variant such as Wire Electric Discharge 
Machining (WEDM) and micro-WEDM etc., Abrasive Water Jet Machining 
(AWJM), Lithography Electroforming Molding (LIGA), and Laser beam cutting 
(LBC). For micro gears with diameters under 1 mm, there are numerous other 
methods of fabrication such as micro powder injection molding, hot embossing, 
forward or backward micro extrusion, vacuum casting, laser shock punching or other 
hybrid methods. However, the current work is focused on gears that are in the meso 
range and are further going to be called miniature gears.   
2.1.1. Miniature Gears by Electric discharge machining and Wire 
electric discharge machining 
EDM and WEDM, also known as Spark erosion machining (SEM) and Wire spark 
erosion machining (WSEM) respectively, have been explored for the past two decades 
as possible alternatives to conventional machining for micro and meso gear 
fabrication. Both processes are based on the spark occurring between an electrode, in 
the case of EDM or a wire in WEDM, and the workpiece material that will result in a 
thermo-electric erosion involving melting and vaporization of the material. The 
energy released in a small discharged spark will remove a fraction of the material 
therefore, a very large number of such small discharges, equally spaced, are required 
in order to create a cut. The process is a non-contact process however, as the erosion 
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is produced by an electric discharge, both the tool and the workpiece must be 
electrically conductive and be immersed in a suitable dielectric.  
Micro-gears were machined by Takahata et al[24] with a micro-SEM process from 
WC-Co. They used negative-typenickel electrodes of 200 μm outside diameter 
fabricated by LIGA and the resulting microgears had only a 4 μm variation in the 
outside diameter across its length. Hence, the method was recommended as 
aprocessing tool for micromechanical applications.  
The micro-EDM has not been widely used in product manufacturing due to its low 
productivity and tool wear, as the electrode degrades and impacts on the machining 
precision and the cost of fabrication. To overcome some of the process drawbacks, 
Takahata et al [25] implemented a new approach in which the machining mode was 
converted from serial to parallel or batch, using arrays of microelectrodes in order to 
increase productivity. A batch of 36 micro-gears with 300 μm outside diameter and 70 
μm thick were fabricated simultaneously from WC-Co super hard alloy using copper 
electrodes manufactured through LIGA process. The batch was produced in 15 
minutes, reducing the time for precision fabrication ofcomplex patterns by micro-
EDM.  
Although there is a lack of available literature regarding the fabrication of miniature 
gears with micro SEM process, an extensive research work was dedicated to the 
manufacturing of brass miniature spur gears with wire electric discharge machining 
(WEDM) process by Gupta et al [1,13,26-33]. For fabricating 5 mm thick brass gears 
with 9.8 mm outside diameter and 0.7 mm module, various input process parameters 
were considered such as voltage, time-on, time-off and wire feed-rate, wire tension, 
cutting speed etc. The responses such as micro geometry of the gear in terms of errors 
in profile, pitch, and run-out, the surface finish and integrity, along withMRR were 
investigated. They optimized parameters to minimize errors in profile and pitch of the 
gear, minimize surface roughness and maximize MRR[28-33]. 
With further experimentation of the same process they explored the surface finish and 
integrity [31]of the miniature gear and the productivity of the process [28].The quality 
of gears fabricated by conventional methods such as hobbing, stamping, die casting, 
extrusion, and powder metallurgy, as specified by standards, is DIN number between 
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9 and 12 (where the lower numbers represent higher quality), and AGMA number 
between 4 and 8 (where higher numbers represents higher quality) [27].In the reported 
work of Gupta et al [31], the best gear fabricated by WEDM was found to have a total 
lead deviation of 5.4 μm, total profile deviation of 13.20 μm with a DIN quality 
number up to 5 for form.The gear surface roughness values were of 1 μm for average 
surface roughness and 6.4 μm for maximum surface roughness respectively [31]with a 
tooth profile free of protuberance.In other work of Gupta and Jain [27], after 
optimizing the process, a DIN quality numbers of 5and 7 respectively are achieved for 
the optimized gear having a profile value of 11.1 μm and pitch value of 8.4 μm 
respectively. Also the SEM revealed that the best gear displays a protuberance-free 
profile of the tooth and a crack free surface texture with a uniform distribution of the 
shallow and regular shaped craters.  
Comparative study [13] for the fabrication of meso spur gear with WEDM and 
hobbing process revealed superior values of themicrogeometry parameters, with better 
surface roughness and less deviation in macro geometry for WEDM-ed spur gear than 
for the hobbed gear. Overall, it was concluded that WEDM can efficiently 
manufacturing good surface quality miniature gears for precision applications [32-34]. 
A Ti-6Al-4V spur gear of 28 mm outside diameter, 2 mm module, 12 tooth and 5 mm 
face width was precisely machined by Talon et al [35]using WSEM. The metrological 
inspection revealed a low error in geometry and therefore high manufacturing quality 
(i.e. ISO 7). 
Spur gears having less than 4 mm outside diameter and 17 teeth were fabricated by 
Ali et al[36]from a copper plate of 6mm height using WEDM process. Their findings 
were an average surface roughness of 1.0 μm, an average surface roughness of 7.0 μm 
and 1-2% dimensional variation.Further, Ali et al [37]compared the surface quality of 
miniature gears fabricated by WEDM and micro WEDM. It was found that WEDM is 
limited in capability to obtain accuracy in surface finish and geometry. 
A prototype wobble motor was developed by Suzumori and Hori [38]and fabricated 
using WEDM with a 0.025 mm diameter tungsten wire. The assembly consisted of 
meso size external gear rotor and internal gear stator. The machined gears had a 
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combination of involute and arc tooth profile. The developed prototype passed the 
high load testing criteria. 
Chaubey and Jain [39]explored WEDM process for cutting of SS 304 meso bevel and 
meso helical gears with a major diameter of 9.8 and 8.35 mm respectively and 5 mm 
face width. They investigated the optimum ranges of many parameters to obtain the 
best quality gears. They found the best gear to have a DIN number between 6 and 8 
for meso helical gear, while for the meso bevel gear a DIN number of 7 and 10 were 
attained. Examination of the surface roughness revealed an Ra of 1.1 μm and an Rmax 
of 7.3 μm for the helical gear and an Ra of 1.3 μm and an Rmax of 8.0 μm for the meso 
bevel gear.The uniform tooth profiles and surfaces observed by scanning electron 
microscopy, were free of defects such as burrs, nicks, asperities, micro-cracks, pores 
and globules. Therefore, they found WEDM process to be a sustainable process to 
produce high quality meso bevel and helical gears without further post-manufacturing 
process. 
Hori and Murta[40] manufactured micro-gears with 280 μm outside diameter, 24 μm 
module and 9 teeth by WEDM process. A very low tooth profile error with no 
undercut at the root was claimed. 
Hsue et al [41] also investigated the accuracy of a micro gear with 12 teeth, 400 μm 
outside diameter and 285 μm module fabricated by WEDM process when using a 
linear synchronous drive table and a conventional drive rotary table. High machining 
accuracy with reduced gear errors was achieved. 
2.1.2. Miniature Gears by Abrasive water jet machining 
Abrasive water jet machining (AWJM) is a non-conventional or advanced machining 
process derived from water jet cutting [42].The AWJM process principle is based on 
the use of abrasive particles mixed with high pressure water jet delivered to the work 
surface for cutting or machining. The role of the water in the cutting jet is not only to 
transport the abrasive particles but also to carry away the eroded material from the cut 
zone and to act as a coolant, whereas the abrasive particles are used to obtain the 
erosive forces to cut the material. AWJM can be used to cut a variety of materials 
from metals to non-metals. 
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A planetary gear set was fabricated by Liu et al [42, 43]from a very thin steel plate 
using micro abrasive waterjet technology.  For cutting the 19.05 mm OD ring gear, 
9.68 mm OD sun gear and five, 3.55 mm OD planetary gears a 254 μm nozzle was 
used.The smallest size feature that can be machined with AWJM it was found to be 
greater than 200 μm. 
Phokane et al [44]conducted a study on the effect of important AWJM parameters on 
mean roughness depth and profile error of miniature external spur gearsmade of brass. 
The gear had 9.8 mm outside diameter and 5 mm face width. After optimizing the 
process parameters, 14.15 μmwas obtained as the best value for the profile error that 
corresponds to a DIN quality number of 8, which is better than the quality obtained by 
conventional processes. Analysis of surface integrity revealed a good finish with high 
fatigue strength and long service life. Their conclusion is that, as the miniature gears 
fabricated by AWJM are tribologicallyfit, the process presents potential to become a 
substitute of other conventional processes for miniature gear fabrication. 
2.1.3. Miniature Gears by LIGA 
LIGA stands for lithography, electroplating and molding [45]. Therefore, it is a three 
stage micromachining technology that has the capability to fabricate high aspect ratio 
microstructures, up to 1000 μm thick with only several microns wide. The lithography 
uses high-intensity, low divergence x-rays produced usually by a synchrotron 
radiation source as the exposure source. This facilitates for a mask pattern to be 
transferred into a thick layer of radiation sensitive polymer (resist)to achieve a precise 
mask pattern in the resist. Micromotion GmbH in collaboration with few other 
partners developed a micro-harmonic drive consisting two planetary wheels, a sun 
gear and three gear wheels that have been fabricated by direct LIGA process from 
nickel-iron alloy. In their status report, Loechel et al [45] stated that further 
improvement is needed as to archive high levels of accuracy with nearly perfect 
vertical side walls. 
Sharma et al[46]fabricated a gear train consisting of a pinion with 0.24 mm diameter 
and gear with 0.38 mm diameter both with 0.01 module, using LIGA process. They 
have studied the process parameters and carefully prepare the process plan. They 
concluded that LIGA process is useful for the fabrication of micro gears that cannot 
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otherwise be produced with conventional processes. However good process planning 
is required as there is no repair or rework techniques available to reduce the rejection 
of micro-parts manufactured by LIGA process and possible defects may be caused by 
improper focusing of light and misalignments of the different layers. 
Madou [47], when presenting LIGA process and its applications, briefly mentions the 
interlocking gears that are free to rotate and have minimum backlash and friction.  
However, he highlights the uncertainty of the process to produce the accuracy of the 
micro gears required to satisfy the demands of precision for different applications. 
2.2. Review of Laser Beam Cutting 
Chaubey and Jain [5] in their state of the art review of the past work on fabrication of 
meso and micro cylindrical gears highlighted the important past work done on 
indicate the following advanced manufacturing processes investigated in the past: 
EDM, micro-EDM, WEDM, micro-WEDM, AWJM, laser ablation, laser shock 
punching and bio-etching. The laser beam machining of miniature gears was not 
covered due to scarcity of work.   
There is no other reference to the fabrication of miniature gears by laser beam 
machining process; therefore, the review will further present research on various other 
aspects of laser beam machining process. As the research started few decades ago, 
there is an abundance of reference from which the most relevant and/or recent will be 
mentioned. 
As stated in previous chapter, the parameters of laser beam cutting process that can be 
selected and/or adjusted by the operator/researcher are the workpiece parameters and 
the processing parameters. 
2.2.1. Laser beam cutting- workpiece parameters 
Past research of laser beam cutting was done on various materials from mild and 
stainless steel to Tiand Ni alloys with thicknesses usually ranging from 1 to 10 
mm.Both the type of material and the thickness to be cutare regarded as workpiece 
parameters. 
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Orishich et al[20]conducted an experimental investigation to find the utmost thickness 
of mild steel workpiece that can be cut with a 2 kW Ytterbium fiber laser and an 8 kW 
CO2 laser using oxygen as assist gas, with acceptable quality. They establish a 
criterion for the determination of the maximum thickness of the cut sheet and 
demonstrated that, for the CO2laser, an utmost thickness of 40-50 mm can be 
achieved. For the fiber laser system, the criterion could not be applied as the mode of 
uncontrolled metal burning at low speeds was absent.  
According toAnghel et al[48],most investigated materials in recent research are 
stainless steel and mild steel as shown in Figure 2.1. 
 
Figure 2.1. Materials used for investigation of laser cutting process in recent research 
[48] 
Laser cutting process on 1 mm thick 6061-T6 aluminium alloy was explored by 
Leonea et al [49]who used a low power NdYag multimode system that created an 
elliptical beam footprint. They tried to determine the maximum cutting speed while 
beam travel speed, pulse duration and beam direction were varied and the influence of 
the process parameters on the kerf geometry. The investigation showed that the 
cutting speed is affected by the pulse duration and beam travel direction. An increase 
cutting speed may be obtained with longer pulse duration and with the focal spot 
moving along the minor elliptical axis. An almost perpendicular kerf (<4⁰) is obtained 
at long pulse duration with a dross height lower than 40 µm. 
 32 
 
Parthiban et al [50]who used CO2 laser system with nitrogen as assist gas to cut 2 mm 
thick aluminium alloy AA6061-T6. They varied laser power, cutting speed, focal 
position and gas pressure on three levels and developed empirical models to predict 
the surface roughness. Thepredicted and experimental surface roughness values from 
the verification experiments were 1.6611 µm and 1.6648 µm respectively. 
Solanki and Madia[51] used 1 kW fiber laser machine to cut 2 mm thick super duplex 
stainless steel and 1.6 mm titanium alloy to investigate process parameters on surface 
roughness and kerf width.They varied laser power, cutting speed and gas pressure on 
three levels and concluded that laser power is the most significant factor for the 
selected performance characteristics and the minimum surface roughness obtained 
was 1.1 μm for stainless steel and 1.9 μm for titanium alloy respectively. 
Titanium alloy with 2 mm thickness was cut with a 5kW CO2 laser machine using 
nitrogen as assist gas by Varkey et al [52] in order to study the effect of process 
parameters on the surface roughness and kerf taper. Laser power, cutting speed, gas 
pressure and focal point position were varied on three levels in order to determine the 
interaction between all control factors on the responses. They found the cutting speed 
and laser power as most significant control factors for the surface roughness while 
laser power and assist gas pressure were the significant factors for kerf taper. In their 
50 possible optimum solutions the minimum value for surface roughness was 
8.9517µm and for kerf taper of 1.8903⁰.  
Begic-Hajdarevic et al [53]varied laser power and cutting speed parameters when 
cutting 1 mm thick tungsten alloy with CO2 laser machine. They used control charts 
to determine the influence of the selected process parameters on the cut surface 
roughness. From developed charts they found that at lower laser power the increase of 
cutting speed will deteriorate the process control status. A uniform surface roughness 
can be obtained at 1500 mm/min or 2000mm/min at 2 kW laser power. 
Klancnik et al [22]used a CO2 laser system to cut 1 mm thick tungsten alloy with laser 
power, cutting speed and assist gas type as input process parameters, aiming to predict 
cut quality in terms of kerf width and surface roughness. They developed adequate 
models for prediction of the selected laser cut process performances and concluded 
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that the type of the assist gas affects significantly the quality of the cut, especially the 
kerf width. 
The above illustrates the exploration of laser cutting of titanium and tungsten alloy on 
samples with thickness of 1 to 2 mm using different laser systems. 
The recent reported studies of the laser cutting process on steel and its variants are 
presented in the following section. 
2.2.2. Laser beam cutting–process parameters and performance 
The complexity of laser beam cutting process is mainly due to its large number of 
process parameters and their dynamic interaction. The important process parameters 
are: laser power, beam frequency, feed rate or cutting speed, focal distance and focal 
point position, gas type and gas pressure, nozzle stand-off and nozzle diameter. Most 
researchers varied from two to four of these parameters to study their effect on the cut 
quality characteristicsuch as surface roughness, kerf width and kerf taper, HAZ width 
and occasionallythe striations, dross formation or material removal rate. 
Madic et al[54] experimented the cutting of 3 mm thick AISI 304 stainless steel with 
CO2 laser cutting machine using nitrogen as assist gas.  They used Taguchi L27 DOE 
where laser power, cutting speed, assist gas pressure and focus position were varied 
on three levels. Surface roughness, kerf width and width of HAZ were the cut 
characteristic investigated while MRR was calculated. The results showed a minimal 
surface roughness of 1.254 μm is achieved but all other characteristics have less than 
optimal values. Similarly, for a minimal kerf width of 0.323 mm the surfaceroughness 
is 2.188 μm, or for a minimal HAZ width of 12.29 μm the surface roughness is 2.19 
μm. Therefore, they have plotted operating diagrams for each performance 
characteristic in order to easily identify optimal operating conditions and trade-off 
operating diagrams for improving multiple performance characteristics at the same 
time. Further reported studies of Madic et al [55], with same experimental setup, 
aimed at the investigation and optimization of process parameters for a minimal kerf 
taper. They found that a combination of low laser power (1.6 kW), and assist gas 
pressure with high cutting speed (3 m/min) and focal point at about 2/3 of the material 
thickness will result in an acceptable kerf taper angle.  
 34 
 
Miraoui et al [56]examined that for a constant cutting speed of 1200 mm/min and 
laser beam diameter in the range of 1 to 2 mm and the laser power from 3 to 5 kW, 
HAZ variation is significant. In Miraoui et al [57]further research where the cutting 
speed was also varied between 600 and 2200 mm/min, the measured responses were 
HAZ depth, MZ (melting zone) depth and HAZ microhardness. The analysis showed 
same effects for the HAZ depth as before. The MZ was least affected by the cutting 
speed and its depth increases with laser power and laser beam. The microhardness in 
HAZ decreases with increase in laser beam diameter and cutting speed.  
Cekic et al [58] studied the laser cutting process of high alloy steelwith 3 mm 
thickness when varying cutting speed, assist gas pressure, focus position and nozzle 
stand- off. They used a 2kW CO2 laser system with oxygen as the assist gas. The 
process quality was measured in terms of width of cut, HAZ, and average roughness. 
Based on the experimental data and mathematical models they have achieved a 
minimum width of cut, HAZ and average roughness at the following input parameter 
combination:  2 kW power, - 1 mm focal position, 12.5 bar assist gas pressure, 1mm 
stand-off nozzle distance and 4625 mm/min cutting speed. For smaller values of Ra, a 
higher cutting speed with the focal position above the workpiece surface is 
recommended. 
Gadallah et al [59], derived process performance models from experiments conducted 
on NdYag laser beam machining of 3mm thick stainless steel (316L) sheet. The 
performance characteristics under their study were kerf taper, surface roughness and 
HAZ as affected by the following input process parameters: power, assist gas 
pressure, cutting speed and pulse frequency. In their investigation, kerf quality and 
surface characteristics were significantly affected by laser power and gas pressure. 
Low level of process parameters used in the study, except cutting speed, will result in 
lower value of surface roughness. 
Jarosz et al [60]investigated the effect of cutting speed on the surface roughness and 
HAZ when cutting 10 mm thick AISI 316L stainless steel with high power CO2 laser 
machine and nitrogen as assist gas. They found a visible effect of the cutting speed on 
width of HAZ, surface roughness and presence of dross. Out of the three levels of 
cutting speed used only the two highest are practically applicable. For a cutting speed 
of16.5 mm/s a good surface roughness and negligible HAZ was obtained while, for a 
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cutting speed of 9.17 mm/s a lower surface roughness but visible HAZ was obtained. 
A higher or lower cutting speed will then be selected function of the end user 
requirements regarding surface quality. 
Prajapati et al [61]conducted experimental research on two materials: mild steel and 
Hardox-400 of 6, 8 and 10 mm thickness. They used a CO2laser with oxygen assist 
gas and varied laser power, gas pressure and cutting speed on three levels. When 
evaluating the surface roughness, a high contribution comes from cutting speed and 
the thickness of the plate for both materials while, laser power had less effect perhaps 
due to its small level variation.Gas pressure had higher effect for cutting mild steel 
and less effect for cutting hardox. 
Senthilkumar et al [62]varied four laser machine parameters when cutting 3 mm thick 
mild steel plate with CO2 laser cutting system and CO2as the assist gas. They used 
Taguchi L16 orthogonal array and varied laser power, cutting speed, gas pressure and 
nozzle stand-off on four levels in order to establish their influence on surface 
roughness, machining time and kerf width. They found little variation of the surface 
roughness with gas pressure and nozzle stand-off distance and a reduction in surface 
roughness when laser power and cutting speed are increased. The values of roughness 
for their experimental setup ranged from 0.59 to 2.58 μm. A decrease in power and 
cutting speed while maintaining a medium gas pressure will result in a minimized 
value of machining time. The nozzle stand-off distance does not have a significant 
effect on the machining time. The kerf width can be minimized by using the 
maximum values of power and cutting speed and laser power, however the variation 
of gas pressure and nozzle stand-off distance marginally affect the kerf width. Their 
experimental values of machining time were between 3.967 and 5.922 sec and values 
of kerf width between 0.62 and 2.16 mm.  
Tahir and Rashid [63] selected 22MnB5, an ultra-high strength steel (UHSS) with 1.7 
mm thickness to be cut with a CO2 laser system and oxygen assist gas. Laser power, 
cutting speed and assist gas pressure was varied on three levels to determine their 
influence on cutting quality defined by the top and bottom kerf width and HAZ. In the 
kerf width formation, they have identified laser power and cutting speed as the 
influential parameters with a positive relationship for power and negative correlation 
for cutting speed. Laser power is the input parameter affecting HAZ while, cutting 
 36 
 
speed and gas pressure have no significant influence on the HAZ formation. A greater 
HAZ region was obtained as greater laser power was selected.  
Librera et al [64]studied the surface quality in laser cutting of stainless steel using 
CO2 and fiber laser systems. Their assessment was based on the use of areal 
roughness parameters for fixed cutting conditions on AISI 304 with 6mm and 10 mm 
thickness.The visual analysis of the samples cut with both laser systems revealed a 
similar cut edge, in general smooth and homogenous, for the 6 mm thick samples. 
However, for 10 mm thick the edge of the sample cut with CO2 laser was found less 
homogenous and a coarse central part while the fiber laser samples were also less 
homogenous with striations in the lower section. They have found it more appropriate 
to use separate cut-off lengths on the cutting and thickness directions when evaluating 
the areal surface roughness.  
2.2.3. Laser beam cutting- modelling and optimization 
There are various approaches/methods used for modeling and optimization of a 
process for the improvement of the quality and efficiency characteristics. Various 
DOE techniques such as full factorial and fractional factorial (Taguchi and Response 
Surface Methodology- Box Behnken and Central Composite Design) etc. have been 
used by researchers in laser beam machining based work. However, Taguchi 
technique has been the most extensively used by researchers worked on laser beam 
machining.  
Madic et al [54]used ANN simple hidden layer trained with Levenberg-Marquardt 
algorithm and obtained performance characteristics operating diagrams and trade-off 
diagrams that offers multiple solutions for the selection of optimal cutting conditions 
for the desired cutting performance. They found the approach to be effective and 
practical for the prediction of performance characteristic of laser cutting process or 
other machining processes. In a subsequent research, Madic et al [55]used ANN 
modeling successfully combined with Monte-Carlo optimization technique to obtain 
minimum kerf tapper angle. Later on, Madic et al [65]applied PIM (Preference Index 
Method) with the advantage of being simple and practical for manufacturing 
processes and with possibility of calculating lower and upper performance selection 
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index values. However, a large number of alternative solutions may be obtained that 
have attribute performances very closed to the preferred ones.   
 A suitable model for the prediction of cut quality was developed by Klancnik et al 
[22] using back-propagation artificial neural network (BP-ANN) while Partiban et
al[50]combined a Box-Behnken DOE with RSM and generated three predictive 
models. They compared the models with the experimental data to find that the linear 
one has the smallest variation in predicting the surface roughness. The developed 
methodology is recommended for quality characteristics prediction in laser machining 
and even for other advanced machining processes such as AWJM and EDM etc. 
Varkey et al [52] modeled and performed a multi-optimization of the dimensional and 
surface deviation using regression analysis and GA (Genetic algorithm) obtaining a 
set of optimal solutions that offers the possibility of selection based on production 
objectives.  
Sharma et al [66]used GRA (Grey relational analysis) method to obtain the 30 % 
reduction in kerf deviation during laser machining.  
Table 2.1summarizes the recent research of laser cutting processes for various types 
and thickness of materials with CO2, NdYag and fiber laser systems. The process 
parameters and responses investigated as well as the experimental modeling and 
optimization technique used, with brief explanation of the research findings, are also 
shown.  
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Table 2.1.Summary of past reserach on laser beam cutting 
 Researcher/year Laser 
system/assist 
gas 
Material 
type/thickness 
Input 
parameters 
Performance 
characteristics 
Modelling and 
optimization 
Findings 
1. Bejic-Hajdarevic 
(2017) 
CO2 Tungsten alloy 
1 mm 
Laser power 
Cutting 
speed 
Surface 
roughness 
Control charts 1500  to 2000 mm/min cutting speed 
with 2 kW power is recommended for 
uniform surface roughness 
2. Cekic (2015) CO2 
Oxygen 
1.4828 high 
alloy steel 
3mm 
 
Cutting 
speed 
Gas 
pressure 
Focal point 
position 
Nozzle 
stand-off 
Kerf width 
(Width of cut) 
HAZ 
Surface 
roughness 
Regression 
analysis 
Min width of cut, HAZ and optimum 
surface roughness was obtained at 
2000 W power, 12,5 bar gas pressure, 
focal position of -1 mm and nozzle 
distance of 1 mm at a cutting speed of 
4625 mm/min. 
3. Gadallah (2015) NdYag 
Oxygen 
Stainless steel 
(316L) 
3 mm 
Laser power 
Cutting 
speed 
Assist gas 
pressure 
Frequency 
Kerf taper 
Surface 
roughness 
HAZ 
Taguchi L27 
ANOVA 
RSM 
 
The significant factors for kerf quality 
are the laser power and assist gas 
pressure. 
Surface roughness is significantly 
affected by the laser power and gas 
pressure. 
 A lower value of surface roughness is 
obtained at low levels input 
parameters except the cutting speed 
 39 
 
4. Jarosz (2016) CO2 
Nitrogen 
AISI316L 
10 mm 
Cutting 
speed 
HAZ 
Surface 
roughness 
- The lowest of the three cutting speed 
used has no practical value. Good 
surface roughness and negligible HAZ 
was obtained at a speed of 16.5 mm/s 
while,  at 9.17 mm/s a lower surface 
roughness and a visible HAZ 
5. Klancnik (2015) CO2 Tungsten alloy 
1 mm 
Laser power 
Cutting 
speed 
Assist gas 
type 
Kerf width 
Surface 
roughness 
BP-ANN Adequate prediction models. 
Assist gas type is has the most effect on 
cut quality  
6. Leonea (2015) NdYag 6061-T6 
aluminium alloy 
1 mm 
Pulse 
frequency 
Pulse 
duration 
Beam travel 
direction 
Max. cutting 
speed 
Kerf width 
Kerf taper 
Dross height 
Full factorial 
ANOVA 
For a less than 4⁰ kerf taper angle, a 
long pulse duration needs to be used 
that for which dross height less than 40 
µm is obtained. Cutting speed 
increases when the beam travels along 
the minor axes of the elliptical focus 
footprint and with longer pulse 
duration. 
7. Librera (2015) CO2 
Fiber laser 
AISI 304 
6mm 
10mm 
Laser 
system 
Material 
thickness 
 
Areal surface 
roughness 
 
- The cut surface of 6 mm thick samples 
were similar for both laser systems. For 
10 mm, different appearance of the cut 
edge was observed. Areal surface 
roughness evaluation should consider 
separate cut-off lengths and thickness 
direction. 
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8. Madic (2014) CO2/ Nitrogen AISI  
3mm 
Laser power 
Cutting 
speed 
Gas 
pressure 
Focal point 
position 
Surface 
roughness 
Kerf width 
HAZ width 
MRR 
Taguchi L27 
ANN using 
Livenberg-
Marquart 
algorithm 
The minimum value of each 
performance characteristic and a 
maximum MRR does not occur at 
optimum of all other characteristics. 
Operating diagrams for each 
performance characteristic and trade-
offs diagrams were plotted over an 
entire experimental space for fast 
identification of optimum laser 
conditions   
9. Madic (2015) CO2/ Nitrogen AISI  
3mm 
Laser power 
Cutting 
speed 
Gas 
pressure 
Focal point 
position 
Kerf tapper Taguchi L27 
ANN 
Monte-Carlo 
 
An acceptable kerf taper angle was 
obtained at a combination of low laser 
power (1.6kW) and low gas pressure 
with a focal position at 2/3 into the 
thickness and high cutting speed (3 
m/min) 
The combination of ANN and Monte-
Carlo was found to be a simple, easy to 
implement and efficient approach for 
the optimization of laser cutting 
process. 
10. Miraoui (2014) CO2 Low carbon 
steel, 8 mm 
Laser beam 
diameter 
Laser power 
Surface 
roughness 
HAZ width 
OFT Laser beam diameter has no significant 
effect on surface roughness but major 
effect on HAZ. The laser power has a 
major effect on both surface roughness 
and HAZ the optimum setting for 
minimum HAZ is lowest power and 1.5 
mm beam diameter 
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11.  Miraoui (2016) CO2 Low carbon 
steel, 8 mm 
Laser beam 
diameter 
Laser power 
Cutting 
speed 
HAZ width 
MZ depth 
HAZ 
microhardness 
Taguchi 
ANOVA 
HAZ is most affected by laser power 
and cutting speed and lest affected by 
laser beam diameter. MZ depth 
increases with laser power and 
decreases with cutting speed. The 
microhardness increases with increase 
in laser power and decreases as cutting 
speed and beam diameter increases. 
12. Prajapati (2013) CO2 
Oxygen 
Mild steel 
Hardox 
6,8,10 mm 
Laser power  
Gas 
pressure 
Cutting 
speed 
Material 
type 
Material 
thickness 
Surface 
roughness 
Taguchi L27 
ANOVA 
Surface roughness is affected by the 
cutting speed and material thickness. 
Laser power for the chosen settings did 
had less effect on surface roughness. 
Gas pressure had more effect while 
cutting mild steel than hardox. 
13. Parthiban (2015) CO2 
Nitrogen 
6061-T6 
aluminium alloy 
2mm 
Laser power 
Cutting 
speed 
Focal 
position 
Gas 
pressure 
Surface 
roughness 
RSM - Box 
Bhenken 
29 
Experimental 
runs 
The three developed empirical models 
were compared with experimental 
data: linear model was found suitable 
to predict surface roughness. The 
methodology can be used to predict 
other responses  
14. Solanki (2016) Ytterbium 
fiber 
Super duplex 
stainless steel 
2mm 
Titanium alloy 
1.6 mm 
Laser power 
Cutting 
speed 
Gas 
pressure 
Surface 
roughness 
Kerf width 
OFT Laser power is the most significant 
factor for both surface roughness and 
kerf width. Surface roughness of 1.1 
μm for stainless steel and 1.9 for 
titanium alloy 
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15. Senthilkumar(2016) CO2 
CO2 assist gas 
Mild steel 
3 mm 
Laser power  
Cutting 
speed 
Gas 
pressure 
Nozzle 
stand-off 
Surface 
roughness 
Kerf width 
Machining time 
Taguchi L16 Increase of laser power and cutting 
speed results in reduced surface 
roughness. Maximum power and 
cutting speed will minimize the kerf 
width.  
16. Tahir (2016) CO2 
Oxygen 
UHSS (22MnB5) 
1.7 mm 
Laser power  
Cutting 
speed 
Gas 
pressure 
Kerf width 
HAZ 
27 runs HAZ is affected by laser power while, 
cutting speed and gas pressure have no 
significant influence on the HAZ 
formation. Larger HAZ region was 
obtained with increase in laser power 
Kerf width is affected by laser power 
and cutting speed. 
17. Varkey (2014) CO2 
 
Titanium alloy 
2 mm 
Laser power 
Cutting 
speed 
Gas 
pressure 
Focal point 
position 
Surface 
roughness 
Kerf taper 
Taguchi L27 
ANOVA 
GA 
Cutting speed and laser power are 
most significant control factors for the 
surface roughness while laser power 
and assist gas pressure the significant 
factors for kerf taper. 
 
 2.3. Conclusions from the review of past work 
The following conclusions can be drawn from the review of past work: 
 Miniature micro and meso gearshave been successfully manufactured by 
EDM, micro-EDM, WEDM, micro-WEDM, and AWJM type advanced 
machining processes.  
 AWJM has been identified as one of the sustainable advanced processes that 
have potential to produce quality miniature gears. 
 The investigation of LIGA process for micro gear manufacturing reveals the 
uncertainty of the process to produce theaccuracy and precision required from 
such components. 
 All of the aforementioned advanced manufacturing processes have inherent 
disadvantages regarding the type and/or the thickness of the material they can 
process, the productivity and cost or simply falling short in delivering the 
required precision. 
 Literature review identifies the capabilities of laser beam machining process 
for making quality cut on a wide range of engineering materials and 
development of precision devices or products. 
 Fabrication of miniature gears using laser beam machining has been 
rarely/limitedly explored that needs future attempts.  
 Analysis of the cut quality of miniature gearsmachined by laser cutting 
especially surface quality is limitedly reported. 
 Scarcity of work is found on productivity aspect of laser cutting process for 
miniature gears. 
 Optimization of laser beam machining process parameters especially for 
quality miniature gear fabrication need sincere efforts.  
 
2.4. Research objectives of the present work 
The main aim of this research work is to identify the potential of laser beam cutting 
(LBC) process to manufacture miniature gears of good surface quality and to become 
a sustainable substitute of conventional gear manufacturing processes. The specific 
objectives to be accomplished at various stages of this research are as follows: 
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 To investigate and analyse the effect of laser beam machining parameters on 
surface roughness parameters of the stainless steel miniature gear. 
 To investigate and analyse the effect of laser beam machining parameters on 
surface integrity of the stainless steel miniature gear. 
 To investigate and analyse the effect of laser beam machining parameters on 
dimensional accuracy of the stainless steel miniature gear. 
 To investigate and analyse the material removal rate i.e. productivity of laser 
beam machining for fabrication of stainless steel miniature gears. 
 To develop models for prediction of surface roughness parameters, material 
removal rate and dimensional accuracy using regression analysis. 
 To perform multi-objective optimization of laser beam machining process 
parameters that minimizes surface roughness and dimensional inaccuracy, and 
maximizes material removal rate. 
 To investigate the surface integrity of miniature gear obtained at optimum 
parameters and to compare the quality characteristics of miniature gear 
fabricated by laser beam machining with the miniature gears made by other 
processes as given in the literature.  
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Chapter 3. Methodology Framework 
The chapter details the experimental work and data collection for the evaluation of the 
process performance. It presents the tools and methods for the experimental 
investigation and thedata analysis. 
3.1. Design of experiments 
When analyzing a manufacturing process, experimental design is required to evaluate 
which process input have a significant impact on the process output and how to select 
appropriate level of inputs to accomplish the best result. Which means, to improve a 
process or a product, properly designed experiments will facilitate the following: 
 identify the significant input factors that affect a response,  
 compare alternatives and make an informed decision regarding choices 
 achieve optimal process output 
 reduce variability 
 minimize or maximize an output 
 balance trade-offs 
In experimental design, there are three aspects of the process that must be considered 
namely the factors or process inputs, the levels or the setting of each factor under 
study and the response which is the measurable outcome potentially influenced by the 
factors and their levels. 
Manufacturing processes are always a multifactor process and the number of 
experiments with many factors on few levels per factor increase exponentially as 
more factors are added or more levels are added, becoming tedious and costly. For 
example, for few factors on 2 to 3 levels, a full factorial design of experiments to 
study all paired interaction is feasible as this can be done with a reasonable number of 
experimental runs.  
As data is usually subjected to experimental error (noise) that significantly affects the 
results, therefore an appropriate statistical method of analysis must be employed. 
There are three basic principles common to any design of experiments (DOE) 
approach that is replication, randomization and blocking.  
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In replication, the experiment is repeated under identical controlled conditions for 
estimating the experimental error(sample standard deviation) that is used to determine 
whether differences in statistics found from observations are significant.Also it 
increases the precision, if the sample mean value is used, by reducing the standard 
deviation of the mean. 
Randomization is the way in which the runs of the experiment are assigned a random 
order such that the conditions in one run does neither depend on the conditions of the 
preceding run, norpredict the conditions in the following runs. Randomization 
averages out the effect of uncontrolled factors or noise and ensures that no particular 
parameter is favored, thus eliminating bias. 
Blocking is arranging the experiments in groups or blocks thatare similar to one 
another.The known systematic bias effect is isolated in order to prevent it for 
obscuring the main effects. In this way the efficiency of experimental design is 
increased by decreasing the experimental error [67]. 
The statistical experimental design was initiated by Sir Ronald Aylmer Fisher in 
1920’s,the statistician who created the basis for modern statistical science[68]. 
Decades later Box and Wilson[69]developed RSM by applying statistical design to 
industrial experiments and in the 1980’s, Genichi Taguchi developed the another 
statistical method [70]that is focused on finding the levels of the input parameters that 
optimizes the process performance with less emphasis on the accurate modelling of 
the mean response[71]. Taguchi method is known as the robust DoE while all other 
methods forms the classical DoE approaches. The classical approaches, by assuming a 
constant variance of the response for all the levels of input parameters, are mainly 
used to derive a mathematical equation that relates the mean response to the level of 
the input parameters. These include randomized block design (RBD), completely 
randomized design (CRD), Latin square design (LSD), Greco-Latin square design 
(GLSD) and response surface methodology (RSM).  
All DOE methods are classified as full factorial and fractional factorial designs. The 
full factorial design measures responses at all combinations of the factor levels. It can 
be a two level factorial design where the number of runs is determined by 2K, where k 
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is the number of factors. The alternative for the increased number of runs when 6 or 
more factors are considered is the fractional factorial design where only a selected 
subset or “a fraction” of the full factorial design runs are required. Reduced number of 
experiments is one of the major benefits of the fractional factorial design. In this 
approach, the optimum solution lies within the domain of results of the planned 
experiments. 
3.1.1.Response Surface Methodology (RSM) 
In 1951, George EP Box and KB Wilson introduced response surface methodology 
(RSM). It is a statistical technique to explore the relationship between many input 
variables and the response variable.Figure 3.1shows the objectives of RSM. 
 
Figure 3.1. Response surface methodology objectives 
 
For any RSM technique there are few steps required in order to determine the 
optimum process parameters for the investigated responses.  For this, a good strategy 
is to employ a series of experiments, each with a specific objective.  Firstly, the 
screening of design space is necessary to understand what factors have a major 
influence on the responses and to establish the experimental region limits. The 
screening is done in preliminary experiments that are extremely important when 
working with new processes or systems, as it provides the experimenter with a better 
understanding of the process being studied. After the important factors have been 
identified, the next step is the experimental design planning that involves the selection 
of response variables, the choice of factors, levels and ranges and, based on those, the 
choice of experimental technique. After performing the experiment, the analysed data 
RSM
Establish the 
factor settings 
that result in best 
response
Find factor 
settings that 
satisfy  specified 
operating 
conditions
Identify new 
settings that  can 
further improve 
product/process 
quality
Model the 
relationship 
between input 
parameters and 
responses
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may be presented in terms of an empirical model, i.e. an equation that reflects the 
relationship between the response and designed factors. Also important analysis 
practice is the residual analysis and model adequacy checking. The regression models 
of each response may be presented in graphical format that allows better visualisation 
of the results and maybe combined with desirability functions to optimize the process’ 
responses. The conclusions from the experiment should be validated by the 
confirmation experiments. The steps involved in experimentalinvestigation of a 
process using an RSM technique are shown in Figure 3.2 
 
 
 
Figure 3.2. Steps used to determine optimal process parameters using RSM 
The experimental conditions in RSM are usually modeled by linear or quadratic 
polynomial functions that describe the system under study. The model approximating 
function for a first-order model is given by Equation 3.1 wherey is the response,k is 
4. Evaluation of the 
fitted model
Regression models combined with desirability 
functions
Other AI methods
5. Determination 
of optimal 
conditions
1. Screening of 
variables
Preliminary experimentation to establish 
independent variables with major effect on the 
process and the experimental region limits
2. Experimental 
design planning and 
data collection
Selection of experimental design based on 
the number of independent variables and 
their levels.  Variable level codification.  
Experimentation and data collection
3. Mathematical-
statistical
treatment of data
Determine the mathematical equations 
that describes the behaviour of 
responses as function of the independent 
variables and their levels
A model fits the experimental data if it 
presents a significant regression and a non-
significant lack of fit. 
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the number of variables, xi are the variables, β0 is the constant term, βi represents the 
coefficients of the linear parameters, βij represents the coefficients of the interaction 
parameters and ε is the residual error associated to the experiments. 
𝑦 =  𝛽0 + ∑ 𝛽𝑖𝑥𝑖 + ∑  𝛽𝑖𝑗𝑥𝑖𝑥𝑗 +  𝜀
𝑘
1≤𝑖≤𝑗
𝑘
𝑖=1 (Eq.3.1) 
 
If the response presents a curvature, a second-order polynomial as described by 
Equation 3.2 is used: 
𝑦 =  𝛽0 + ∑ 𝛽𝑖𝑥𝑖 + ∑  𝛽𝑖𝑗
𝑘
𝑖=1 𝑥𝑖
2𝑘
𝑖=1 + ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀
𝑘
1≤𝑖≤𝑗 (Eq.3.2) 
 
 After validation of the model fitness, a graphical perspective can be generated as 2D 
contour plots or 3D surface plots as seen in Figure 3.3 that are very useful for the 
visualization of the responses over the experimental domain.  
 
 
Figure 3.3. Three dimensional typical response surface for a quadratic model: a) 
surface with a maximum, b) a plateau, c) a maximum outside the region, d) a 
minimum, e) a saddle. [72] 
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A general 3D plot, as shown in Fig 3.3, would represent the selected response y on the 
vertical axes against two input parameters x1 and x2 on the horizontal plane.  The 
optimum operating conditions for first-order response surface are generated by the 
method of steepest ascent if a maximum increase in the response is required or the 
method of steepest descent if minimization of response is desired. For second-order 
models, the critical point may be computed or evaluated from the profile of the 
quadratic response surface plot for the optimization of two variables. Figure 3.3a and 
3.3d shows a critical point (maximum or minimum) located inside the experimental 
region while in  Figure 3.2c, maximum point appears to be outside the experimental 
domain and in order to obtain it, a shift in the initial design is required. The surface in 
Figure 3.3b shows no influence of the variation of variable x2 levels on the process, 
hence a plateau type of response while, for the saddle surface in Figure 3.3e the 
critical point is the inflection point between the relative maximum and relative 
minimum and this point coordinates does not reflect the optimal values.  
The two DOE approaches in RSM are the Central Composite design (CCD) and Box-
Behnken design (BBD). The CCD is a two level full factorial (2k) or fractional 
factorial (2k-1) design improved with a number of centre and axial points, generally 
used for factors with five levels. BBD is a three level design formed by combining 
full factorial with incomplete block design, resulting in a spherical design with no 
points at the vertices of the region defined by the factors. The “missing corners” is 
useful when the experimenter tries to avoid combined factor extremes and prevents a 
potential loss of data in such cases.   
Table 3.1. Number of experiments required for CCD and BBD 
No. of factors CCD BBD 
2 13(5 center point runs) NA 
3 20 (6 center point runs) 15 
4 30 (6 center point runs) 27 
5 52 – Full factorial 
33 – Fractional factorial 
46 
6 91- Full factorial 
54- Fractional factorial 
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The advantages of BBD are the reduced number of factor levels requiring fewer data 
points, hence less expensive to run as compared to same number of factors for CCD. 
Also, BBD provides non-sequential experiments, i.e. the experiments are performed 
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only once. Table 3.1shows a comparison in the number of run required by Central 
composite and Box-Behnken designs. 
3.1.2. Comparison between Taguchi and RSM 
A comparison between the robust (Taguchi) and classical (RSM) DOE techniques are 
presented in Table 3.2. 
Table 3.2. Comparison between Taguchi and RSM techniques 
 Taguchi RSM 
Objective The objective is to always 
maximize the S/N ration 
of the response 
To establish the quadratic function that 
describes the process performance and uses it 
to determine the optimum process settings. 
Experimental 
plan 
Fractional factorial design 
The use of 3,4 or5 levels is 
recommended to 
recognize the curvature in 
the response and 
determine the near-
optimum factor settings  
Full factorial design augmented by centre 
points required todetect the curvature of the 
response in CCD, and axial points that offer the 
flexibility of sequential experimentation, anare 
required for the estimation of the square 
terms coefficients. In BBD, the center points 
areused for directly estimate the quadratic 
function.   
Factor The factors can be both 
continuous or discrete 
The factors must be continuous variables 
Analysis Uses the characteristic 
average plot for each 
factor level where the 
average effect of S/N ratio 
is maximum. 
For CCD response described by linear model, 
the method of analysis is by the sharpest 
gradient while, when a curvature is detected, 
the quadratic model is developed by 
conducting additional runs of axial points. For 
BBD thequadratic equation is directly 
estimated using the regression tool. 
 
3.2.Experimental planning 
3.2.1. Planning of experimental work 
Experimental planning in the present work was conducted in three stages: preliminary 
experiments, main experiments and confirmation experiments.Experimental design is 
composed of several combinations of input parameters/variables and the value of each 
individual parameter is called level.  
The aim of the preliminary experiments was to investigate the design space and 
establish the suitable region for parameter variation. For this, four process parameters 
 52 
 
namely, laser power(LP), cutting speed(CS), focal position(FP) and gas pressure(GP), 
were varied on five levels and a one factor at the time (OFAT) approach was used to 
evaluate surface roughness. The selected four parameters for the current investigation 
are the most considered parameters used by researchers according to Radovanovic et 
al [73] and the ample reviewed literature presented in Chapter 2. The parameter 
combination resulted in a number of 20 experimental runs.Table 3.3 shows the 
parameters and their selected levels, and  Table 3.4 shows the parameter experimental 
combination based on OFTA. 
Table 3.3. Preliminary experiments parameters and level design 
Parameter Level 1 Level 2 Level 3 Level 4 Level 5 
Laser power [W] 1600 1800 2000 2200 2400 
Cutting speed [m/min] 0.50 1.0 2.0 3.0 4.0 
Focal position [mm] -3.5 -2.5 -1.5 -0.5 +0.5 
Gas pressure [bar] 11 13 15 17 19 
 
Table 3.4. OFAT level combination 
Run 
Laser 
power 
[W] 
Cutting 
speed 
[m/min] 
Focal 
position 
[mm] 
Gas 
pressure 
[bar] 
1 1600 
2.0 -1.5 15 
2 1800 
3 2000 
4 2200 
5 2400 
6 
2000 
0.50 
-1.5 15 
7 1.0 
 8 2. 0 
9 3.0 
10 4.0 
11 
2000 2.0 
-3.5 
15 
12 -2.5 
13  -1.5 
14 -0.5 
15 0.5 
16 
2000 2.0 -1.5 
11 
17 13 
18  15 
19 17 
20 19 
 
OFAT was selected as a more economical and easy to implement method as 
compared to trial and error approach. Although it has limitation, as it does not provide 
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efficient estimates of the effects and information about interactions, it is considered 
adequate for scrutinize the experimental domain in order to narrow down the ranges 
of laser cutting process parameters.  
The presentation and comparison of various DOE techniques as explained in 3.1 led 
to the conclusion that, for a four factors on three levels investigation, BBD approach 
of RSM is the most suitable choice given that this method presents certain advantages 
such as: less expensive to run as it requires fewer design points, does not maintain 
parametric combinations with extreme values of the parameters, and provides strong 
coefficient estimates. 
The objectives of the main experiments are to: 
 finding the significant parameters of laser cutting process and their 
effect on the investigated responses;  
 determine the parameters interaction and analyse theireffect on the 
responses;  
 optimize the laser cutting process parameters for best quality gear and 
high productivity. 
For BBD approach used for the main experiments, the same four factorsas in the pilot 
experiments (i.e. LP, CS, FP, GP) were investigated. The variation of each factorwas 
on three levels on a reduced domainfromthe initial design space considered as shown 
in Table 3.5. This resulted in 29 experimental runs that contained 24 side points and 5 
replications of the center points. As each run was replicated, a total number of 58 
gears were cut for the main experiments. The factor combinations of laser cutting 
process, according to the selected BBD method are shown in Table 3.6. 
Table 3.5. Laser machining parameters and levels for main experiments 
Parameter Code Level 1 Level  2 Level 3 
1 Laser power [W]  A  1500  2000  2500  
2 Cutting speed [m/min]  B  1  2  3  
3 Focal position [mm]  C  -3.5  -2.5  -1.5  
4 Gas pressure [bar]  D  10  13  16  
 
In order to validate the optimum process performance as obtained from optimization 
techniques applied, a number of confirmation experiments were performed. The 
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confirmation experiments were conducted for single objective optimization of each 
response (i.e.Rz, Ra, DD, and MRR) and multi-objective optimization for Rz and 
MRR, Rz and DD and all responses simultaneously, based on the regression models 
integrated with desirability functions. 
The experimental design, with all experimental stages and selected parameters and 
levels are summarized in Table 3.7. 
Table 3.6. Experimental factor combination for laser cutting process by BBD design 
Std Run 
Laser 
power 
[W] 
Cutting 
speed 
[m/min] 
Focal 
position 
[mm] 
Gas 
pressure 
[bar] 
1 11 1500 1 -2.5 13 
2 24 2500 1 -2.5 13 
3 28 1500 3 -2.5 13 
4 6 2500 3 -2.5 13 
5 14 2000 2 -3.5 10 
6 9 2000 2 -1.5 10 
7 26 2000 2 -3.5 16 
8 5 2000 2 -1.5 16 
9 17 1500 2 -2.5 10 
10 1 2500 2 -2.5 10 
11 2 1500 2 -2.5 16 
12 29 2500 2 -2.5 16 
13 19 2000 1 -3.5 13 
14 20 2000 3 -3.5 13 
15 18 2000 1 -1.5 13 
16 21 2000 3 -1.5 13 
17 15 1500 2 -3.5 13 
18 10 2500 2 -3.5 13 
19 4 1500 2 -1.5 13 
20 16 2500 2 -1.5 13 
21 3 2000 1 -2.5 10 
22 23 2000 3 -2.5 10 
23 8 2000 1 -2.5 16 
24 27 2000 3 -2.5 16 
25 12 2000 2 -2.5 13 
26 25 2000 2 -2.5 13 
27 22 2000 2 -2.5 13 
28 7 2000 2 -2.5 13 
29 13 2000 2 -2.5 13 
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3.2.2. Experimental procedure 
The involute profile gear samples were cut on TRUMATIC L3020 CO2 laser machine 
having a maximum output power of 3.2 kW. Nitrogen assist gas passing through a 
conical shape nozzle was delivered coaxially with the laser beam on the cut zone. The 
material used forcutting the gear samples was stainless steel SS304 sheet with 
thickness of 4.5 mm. Stainless steel, due to its Cr contentthat is usually between 12 to 
30%, has better properties such as strength, hardness, ductility and corrosion 
resistance than standard grade steel. Although more expensive, it was preferred for its  
properties and other advantages such as no coatingrequirements hence, no 
maintenance that proves to be more economically feasible when service life and life 
cycle cost are considered. The experimental setup and sequence of gear 
manufacturing by laser beam machining are shown in Figure 3.4. 
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Table 3.7. Summary of experimental design for all experimental stages 
Experimental 
stage 
Objectives  Input parameters 
 and levels 
Responses DOE approach 
Preliminary 
Experiments 
- To investigate the effect of laser 
cutting parameters on the surface 
roughness 
- To narrow  the experimental space for 
further analysis 
1. Laser power (W) 
1600;1800;2000;2200;2400 
2. Cutting speed (m/min) 
0.5; 1;2;3;4 
3. Focal position (mm) 
-3.5;-2.5;-1.5;-0.5;0.5  
4. Gas pressure (bar) 
11; 13; 15; 17; 19 
-Average surface roughness, Ra 
(µm) 
-Mean roughness depth, Rz  (µm) 
One factor at a time 
20 experimental runs 
Main experiments -To find the significant parameters of 
laser cutting process and their effect on 
the investigated responses;  
- To determine the parameters 
interaction and analyse their effect on 
the responses;  
-To optimize the laser cutting process 
parameters for best quality gear and 
high productivity. 
1. Laser power (W) 
   1500; 2000;2500 
2. Cutting speed (m/min) 
   1;2;3 
3. Focal position (mm) 
   -3.5; -2.5; -1.5 
4. Gas pressure (bar) 
   10; 13; 16 
Average surface roughness, Ra 
(µm) 
-Mean roughness depth, Rz (µm) 
-Material removal rate, MRR 
(mm3/min) 
-Dimensional deviation, DD (%) 
RSM, Box-Behnken 
factorial design 
29 experiments 
Confirmation 
experiments 
-To validate the optimum results 
predicted by desirability analysis for 
each response and multi-response 
analysis 
Optimized Laser cutting parameters -Average surface roughness, Ra 
(µm) 
-Mean roughness depth, Rz (µm) 
-Material removal rate, MRR 
(mm3/min) 
-Dimensional deviation, DD (mm) 
- Mean roughness and Material 
removal rate 
-Maximum roughness and 
dimensional deviation 
-All responses 
7 experiments 
Fixed laser cutting process parameters: 
Focal  length       127 mm;  Nozzle diameter    1.7 mm;  Nozzle stand-off      1 mm;  Frequency      2000 Hz 
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Figure 3.4. Experimental set-up and sequence of processes for laser beam cutting of miniature gears 
Machine
tool
Raw 
material
Sample
nominal
size 
Machine 
zone
Measuring and testing 
Optimization
Cut samples
Surface roughness tester  
Optical 
microscope
Hardness 
tester
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The selected material properties and the specifications of the miniature gears are given in Table 
3.8. 
Table 3.8. Material composition and gear specification 
Material composition 
Carbon Manganese Phosphorus Sulphur Silicon Chromium Nickel Nitrogen Iron 
0.08% 
max. 
2.00% 
max. 
0.045% 
max. 
0.030% 
max. 
0.75% 
max 
18-20% 8-12% 0.10% 
max 
Bala
nce 
Miniature gear specifications 
Type: external spur        Number of teeth: 10 
Outside diameter: 9.04 mm       Thickness: 4.5 mm 
Pressure angle;  20⁰                    Module: 0.750 
 
3.2.3.Evaluation of surface roughness, dimensional deviation and laser cutting 
process productivity 
The examination of surface roughness parameters (i.e. Mean roughness depth ‘Rz’ and Average 
surface roughness‘Ra’) of the cut edge for all experimental stages was done using 
aJenoptikHommelEtamic T6000 surface roughness tester supported by Turbowave V7 software. 
A TKU 600 probe with 2 µm stylus tip, a transverse length  
 
Figure 3.5. Procedure of measurement for a) surface roughness,b) kerf width 
of 1.5 mm and a cut-off length of 0.25 mm was used. The filter for profile was R- Profile aligned 
filter ISO 11562 and the ‘R-curve’ option was employed to compensate the curvature effect of 
the gear tooth geometry. The measurements were taken on three random teeth for each gear 
along the tooth flank direction as shown in Figure 3.5. 
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Material removal rate (MRR) that directly relates to the productivity of any manufacturing 
process is also an important response. In the present work, the productivity of laser cutting 
process has been assessed as a function of cutting speed(CS), kerf width(KW) and the thickness 
of the material(t) [54,74].  For the purpose ofevaluating kerf width, rectangular block 
samplesof20 x 10 mm dimensions with a 15 mm length cut through the middle as shown 
inFigure 3.5b, were cut simultaneously with the gears according to the experimental design. The 
kerf width was measured with Olympus BX 51M optical microscope on three places along the 
cut to obtain an average. 
The dimensional deviation (DD) from the nominal outside diameter dimensionwas measured 
with ACCUD digital microscope.The outside diameter was measured across two opposite teeth 
as shown in Figure 6 and expressed as percentage deviation from the theoretical value.  
 
Figure 3.6.Procedure of measurement for dimensional deviation 
3.2.4. Characterisation of microstructure 
Every surface generation or modification process is associated with alterations of various 
properties that include mechanical, metallurgical, and chemical or other changes of the surface 
and sub-surface. 
The microstructure part of the surface integrity evaluation was based on images generated by 
TESCANVega 3 XMU scan electron microscope. This high resolution electron microscope,scans 
the surface of the sample with high energy beam of electrons, and providesmuch greater 
 60 
 
magnification (1 x 1 000 000) than the optical microscope, enabling the observation of details 
such as the microstructure features (porosity, cracking, nicks) dross, HAZ and white layer as 
well as elemental structure. 
To characterize the microstructure gradients and determine the surface hardness, a Vickers 
hardness test with low load application was employed. The sample prepared for this testing 
method was a tooth sectioned from the whole gear and mounted on epoxy that is further grinded 
and polished with a series of progressively finer abrasive grits. The un-etched surface reveal 
inclusion content or any porosity that may exist while, the surface after etching will bring out 
more micro-structural details such as grain boundaries. For the micro-hardness testing, Innova 
Test Falcon 500 was used and three indents, 1 mm distance apart with 50, 100 and 200 grams 
loadwereapplied for 10 s. The test procedure was conducted according ASTME 384-17.  
3.3. Methods and tools for data analysis 
3.3.1. Analysis of variance (ANOVA) 
Analysis of variance (ANOVA) is a statistical technique to evaluate the contribution of 
individual input variables and interaction (if any) in affecting the response (s). In other words, it 
evaluates the process parameter significance. This exploratory data analysis method is widely 
used for its robustness against violations of its assumptions, as it has been adapted to the analysis 
of a broadly range of experimental designs.For the analysis of multiple factors, ANOVA model 
includes terms for the main effects and terms for factor interactions, which represents a great 
advantage when performing multiple factor analysis.The relationship between factors and 
responses is developed by regression models.As the obtained regression model may present poor 
or deceptive results, an adequacy test must be performed to measure how the fitted model 
approximate the real system and to ensure that none of the least square regression assumptions 
are violated. The assessment of the model adequacy is based on the following parameters:  
 Residual analysis, 
 Lack of fit test, 
 R-squared statistics, 
 PRESS value and, 
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 Adequateprecision. 
The residual analysis is simply the graphical examination of the normal probability plot and the 
residuals versus fitted values plot. The normal probability plot for an adequate model should 
show the normal distribution of the underlying error organized in a linear fashion. It is usually 
plotted for studentized (residuals divided by its estimated standard deviation) residuals. No 
obvious pattern of the residual versus fitted value graph shows the adequacy of the model 
adopted. 
To compare the residual error with the pure error from the replicated design points, lack of fit 
test is used. The model adequacy is confirmed when the value of lack of fit is insignificant, i.e. p-
value < 0.05.  
The R-squared statistics is represented by the ratio between the variability explained by the 
model and total variability in the actual data. The better fit of the model to the experimental data 
obtained as theR-squared valueapproaches unity.The Predicted R-squared measures the amount 
of variation in the new data explained by the model and a value closed to unity is also desirable. 
The value obtained after adjusting for the number of terms in the model relative to the number of 
design points is the Adjusted R-square. The model requires a high correlation between the 
observed andthe predicted values as given by a good agreement between Predicted R-square and 
Adjusted R-squared, usually a difference between them not greater than 0.2. 
The PRESS or prediction error sum of squares reflect how well the model fits each design point 
and, the smaller its value, the better the model fits the data.  
The signal to noise data is measured by the Adequate precision which is computed as the 
difference of maximum and minimum predicted responses divided by the average standard 
deviation of all predicted responses. For adequate precision, a value >4 is desirable. 
3.3.2. Desirability analysis 
The optimization of laser cutting process parameters is performed for the minimization of 
surface roughness parameters and dimensional deviation and maximization of MRR with 
desirability analysis. 
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As each response may have a different objective, to maximize, minimize or obtain its target 
value, different desirability functions can be employed. Derringer and Suich [75]applied special 
function for the transformation of the Yi responses to the desirability di. They proposed one sided 
and two-sided transformation of the response. The one-sided transformations for either a 
maximum (bigger the better),ora minimum (smaller the better) are given in Equations 3.3a and 
3.3b respectively [76].  
𝒅𝒊(𝒀𝒊) =  {
𝟎,                          𝒀𝒊 < 𝑳𝒊
(
𝑌𝑖−𝐿𝑖
𝑈𝑖−𝐿𝑖
)
𝑠
,          𝐿𝑖 ≤ 𝒀𝒊 ≤ 𝑈𝑖
𝟏,                         𝒀𝒊 > 𝑼𝒊
(Eq.3.3a) 
 
𝒅𝒊(𝒀𝒊) =  {
𝟏,                          𝒀𝒊 < 𝑳𝒊
(
𝑈𝑖−𝑌𝑖
𝑈𝑖−𝐿𝑖
)
𝑡
,          𝐿𝑖 ≤ 𝒀𝒊 ≤ 𝑈𝑖
𝟎,                         𝒀𝒊 ≥ 𝑼𝒊
(Eq. 3.3b) 
 
The two sided transformation, includes a target value in between the lower and the upper, such 
that (Li <Ti<Ui).  The individual desirabilities are described by Equation 3.4. 
 
𝑑𝑖(𝑌𝑖) =  
{
  
 
  
 
0,                    𝑌𝑖 < 𝐿𝑖
(
𝑌𝑖−𝐿𝑖
𝑇𝑖−𝐿𝑖
)
𝑠
, 𝐿𝑖 ≤ 𝑌𝑖 ≤ 𝑇𝑖
1,                      𝑌𝑖 = 𝑇𝑖
(
𝑌𝑖−𝑈𝑖
𝑇𝑖−𝑈𝑖
)
𝑡
, 𝑇𝑖 ≤ 𝑌𝑖 ≤ 𝑈𝑖
0,                        𝑌𝑖 > 𝑈𝑖
    (Eq.3.4) 
 
Where Li and Uirepresents the lower and upper acceptable value for the response Yi,and Ti is its 
target value. The powers ‘s’ and ‘t’are the weights that determine how important it is for the 
response Yi to be closed to the maximum or minimum.In Design expert software, the importance 
of one variable relative to another varies from 1, least important to 5, the most important and can 
be set by the analyst. 
For multi-response optimization, the analysis uses a desirability function obtained by 
transforming each response Yiinto anobjective function di, with values ranging from 0 to 1. If the 
response value is outside the acceptable region then, di = 0 while, if the response is at its goal 
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target then di = 1. The overall desirability D is then obtained as the weighted geometric average 
of the individual desirabilities according to the following equation:  
   𝐷 = (𝑑1 ∙ 𝑑2 ∙ 𝑑3 ∙ … ∙ 𝑑𝑛)
1
𝑛(Eq.3.5) 
 
where, n is the number of responses studied in the optimization process. 
If D>0, all variables that are simultaneously optimized can be considered to have a desirable 
value else, if D=0, then one of the responses is completely undesirable. 
 
The chapter presented the tools and techniques used to conduct the experimental work and to 
analyse the data. Next chapter will present the experimental results and data analysis.  
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Chapter 4. Results and Analysis 
The chapter presents the experimental results of the preliminary and main experiments and their 
analysis. For the preliminary experiments the effect of process parameters on surface roughness 
is presented. The data from the maint experiments is used to create statistical models for each 
response considered. A thourough investigation of the effect of process input parameters and 
their interactions on the considered responses is performed. 
4.1. Preliminary experiments results and analysis 
Preliminary experiments were design to scrutinize the experimental domain based on factors 
such as the thickness and the material type to be cut,and the machine inherent functionality. The 
one factor at a time (OFAT) design of experiments for the selected input parameters resulted in 
20 experimental runs. The results of  initial investigation of average surface roughness(Ra) and 
roughness depth (Rz) are shown in Table 4.1. 
These results allow for understading of the behaviour of surface roughness with the variation of 
each input parameter, over the entire selected  range. For a laser power variation between 1600 
and 2400 W,the general trend of the surface roughness presents a decrease as seen in Figure 4.1. 
This trend is sugesting that better surface roughness is obtained at high laser power. For 
increased levels of power the molten metal temperature is higher therefore its viscosity lower, 
leading to better melt flow dynamics along the cut edge, hence, better surface roughness. The 
minimum value of Ra of 1.04 µm and Rz of 2.46 µm was obtained at cutting settings of 2400 W 
laser power, 2 m/min cutting speed, focal position of 1.5 mm below top surface and 15 bar gas 
pressure.  
A slow feed rate will move the cutting head slower along the path, whereby the laser beam 
footprint will overlap on the kerf, generatingstriation on the cut edge that will result in high 
values of surface roughness. Doubling the cutting speed from 0.5 to about 3 m/min will result in 
a drastic decrease in surface roughness as seen in Figure 4.2. When furthere increasing thecutting 
speed, the cutting head will pass faster over each incremental length of the path, with less time 
for the gas pressure to expel the molten metal in a good manner, hence the slight increase in 
 66 
 
Table 4.1 Values of input parameters and responses for pilot experiments
 
 
 
Figure 4.1.Variation of surface roughness with laser power 
Exp.
No.
Input parameters Responses
Laser 
power 
[W]
Cutting 
speed 
[m/min]
Focal 
position 
[mm]
Gas 
pressure 
[bar]
Ra 
[µm]
Rz 
µm]
1 1600
2 -1.5 15
1.64 3.47
2 1800 1.41 3.08
3 2000 1.35 2.98
4 2200 1.28 2.75
5 2400 1.04 2.46
6
2000
0.5
-1.5 15
2.93 4.12
7 1 2.46 3.79
8 2 1.35 2.98
9 3 1.14 3.01
10 4 1.23 3.34
11
2000 2
-3.5
15
1.27 2.94
12 -2.5 1.16 2.73
13 -1.5 1.35 2.98
14 -0.5 1.65 3.8
15 0.5 1.97 4.57
16
2000 2 -1.5
11 1.77 3.42
17 13 1.46 3.19
18 15 1.35 2.98
19 17 1.24 2.87
20 19 1.16 2.73
0
1
2
3
4
0
0.5
1
1.5
2
1500 1700 1900 2100 2300 2500
Rz [µm]Ra [µm]
Laser power [W]
Laser power
Ra Rz
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surface roughness. The best value of Ra of 1.14 µm was achieved at 3m/min cuting speed, while 
the Rz at that speed was 3.01 µm. 
The focal point position was varied from 0.5 mm above the top surface of the workpiece to 3.5 
mm below it. The surface roughness variation, as seen inFigure 4.3shows maximum values for 
focal position above the top. This means that the laser beam spot of maximum power intensity is 
not on, or in the workpiece, affecting the melt process thus, resulting in a poor surface quality.  
 
Figure 4.2. Variation of surface roughness with cutting speed 
As the thickness of the material is increased,  the laser focus intensity should be able to support 
more volume of molten metal consequently the small spot of the focused beam should 
bepoitioned within the thickness of the workpiece.The laser beam focus position below the 
surface also allow for a slight V-shape to be created within the cut channel which facilitates the 
high pressure assist gas to compress and force out the molten metal through the channel more 
efficiently. 
The lowest values of surface roughness of 1.16 µm for Ra and  2.73 µm for Rz respectively are 
obtained at 2.5 mm focal point possition from the top surface that is little more than half the 
material thickness. Surface roughness will experinence a slight increase as the focal point is 
moved further down  from the top along the depth of the cut. 
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Figure 4.3. Variation of surface roughness with focal position 
 
Figure 4.4. Variation of surface roughness with gas pressure 
The results,as observed in Figure 4.4.shows a decreasing surface roughness with increase in 
assist gas pressure. The efficiency of melt removal from the cut zone is affected by the surface 
tension and viscosity of the molten metal as well as the gas flow dynamics through the cut 
channel. The removal of the molten metal is improved with the increase in gas flow pressure as 
this provides the shearing action that assists the melt to constantly accelerate down the cut 
surface thus generating a better surface quality. The minimum values of surface roughness are 
obtained at a gas pressure of 19 bar. 
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The analysis of preliminary investigation of surface roughness reveals that for the minimum 
surface roughness a maximum laser power is required, a moderate cutting speed,a high gas 
pressure and a focal position below the workpiece surface at about half the thickness. All this 
results are the reflection of one input parameter at the time investigation and are intended to 
provide an insight into the behaviour of roughness output parameter with the variation of each 
input. However, laser cutting is a dynamic process with evident interaction of the input 
parameters that makes it difficult to predict the cut quality.  Based on the preliminary results, the 
experimental range further considered for the cutting speed will be from 1 to 3 m/min and for the 
focal position from 1.5 to 3.5 mm below the top surface. 
4.2. Main experiments results and analysis 
The main experiments were designed based on Box Behnken (BBD) technique of response 
surface methodology experimental design and cut quality was assessed on responses such as 
average surface roughness, mean roughness depth and dimensional deviation while the process 
productivity was measured in terms of the material removal rate. The main experimental set-up 
and results are shown inTable 4.2. 
The results of the experimental data were used to develop regression models of each 
performance factor. For all responses except MRR, quadratic model was found to fit the 
experimental data. A 2FI model was established for MRR. Analysis of variance (ANOVA) was 
employed to analyse experimental data and determine the relative importance of the input 
parameters and the interaction effects on the process responses.  
4.2.1. Analysis of surface roughness 
The result of ANOVA for Rz is shown in Table 4.3. The model is found significant as 
probability Prob>F is less than 0.001while lack of fit value of 3.53 is not significant relative to 
pure error with 11.77% chance that this could occur due to noise. The model’s good fit is further 
confirmed by the values of R-squared, Adj. R-squared and Pred. R-squared values closed to 
unity with good agreement (less than 0.2) between the last two predictors. An Adeq.Precision 
value greater than 4 was obtained and the normal probability plot shown in Fig.5aillustrates that 
the residuals spread follow approximately a straight line, which is an indication of a good 
 70 
 
correlation between the experimental and predicted values, with the variables following a normal 
distribution. 
Table 4.2. Values of input parameters and responses for main experiments 
  
Input parameters Responses 
Std Run 
Laser 
power 
[W] 
Cutting 
speed 
[m/min] 
Focal 
position 
[mm] 
Gas 
pressure 
[bar] 
Rz 
[µm] 
Ra 
[µm] 
MRR 
[mm3/min] 
DD 
[%] 
1 11 1500 1 -2.5 13 3.69 0.74 2020.30 1.0264 
2 24 2500 1 -2.5 13 2.21 0.43 2367.81 1.0268 
3 28 1500 3 -2.5 13 2.36 0.47 5353.33 1.5244 
4 6 2500 3 -2.5 13 3.4 0.76 6189.06 0.9088 
5 14 2000 2 -3.5 10 4.74 0.93 4539.10 1.6582 
6 9 2000 2 -1.5 10 4.33 0.89 3310.71 1.2305 
7 26 2000 2 -3.5 16 4.58 0.96 4283.61 1.0342 
8 5 2000 2 -1.5 16 3.42 0.67 4538.32 1.5174 
9 17 1500 2 -2.5 10 3.15 0.59 3241.24 1.3131 
10 1 2500 2 -2.5 10 3.17 0.65 4502.19 0.9945 
11 2 1500 2 -2.5 16 3.31 0.68 4184.55 1.3074 
12 29 2500 2 -2.5 16 2.53 0.49 4519.06 0.7351 
13 19 2000 1 -3.5 13 4.98 1.03 2338.04 1.0174 
14 20 2000 3 -3.5 13 3.87 0.77 6340.24 1.3445 
15 18 2000 1 -1.5 13 2.63 0.54 2070.51 1.3494 
16 21 2000 3 -1.5 13 3.89 0.82 6121.94 1.4065 
17 15 1500 2 -3.5 13 3.21 0.66 4044.73 1.2608 
18 10 2500 2 -3.5 13 4.46 0.86 4288.95 1.3899 
19 4 1500 2 -1.5 13 3.64 0.73 3879.66 1.9142 
20 16 2500 2 -1.5 13 2.23 0.45 4180.18 0.9525 
21 3 2000 1 -2.5 10 2.79 0.57 2097.63 0.9588 
22 23 2000 3 -2.5 10 4.85 0.97 6204.26 1.2931 
23 8 2000 1 -2.5 16 4.27 0.89 2078.93 0.9925 
24 27 2000 3 -2.5 16 2.52 0.51 6355.23 0.8919 
25 12 2000 2 -2.5 13 2.73 0.56 4010.75 1.0574 
26 25 2000 2 -2.5 13 2.83 0.58 4071.45 0.9831 
27 22 2000 2 -2.5 13 2.87 0.59 3814.42 1.0582 
28 7 2000 2 -2.5 13 2.97 0.61 4092.38 1.0636 
29 13 2000 2 -2.5 13 2.82 0.58 3983.22 1.0131 
 Table 4.3. ANOVA for Rz
 
 
Figure 4.5. Normal plot of residuals for: a) Rz, b) Ra 
The model indicates that focal position, gas pressure and laser power are the 
significant factors affecting Rz. As seen inTable 4.3, cutting speed alone does not 
Source Sum of 
Squares
df Mean 
Square
F
Value
p-value
Prob > F
%
Contribution
Model 18.91 14 1.35 60.32 < 0.0001
A-Laser power 0.16 1 0.16 6.94 0.0196 0.83
B-Cutting speed 8.651E-003 1 8.651E-003 0.39 0.5442 0.04
C-Focal position 2.71 1 2.71 121.17 < 0.0001 14.04
D-Gas pressure 0.48 1 0.48 21.40 0.0004 2.49
AB 1.59 1 1.59 70.89 < 0.0001 8.23
AC 1.76 1 1.76 78.74 < 0.0001 9.12
AD 0.16 1 0.16 7.17 0.0180 0.83
BC 1.40 1 1.40 62.61 < 0.0001 7.25
BD 3.63 1 3.63 162.04 < 0.0001 18.80
CD 0.14 1 0.14 6.28 0.0252 0.73
A2 0.45 1 0.45 19.88 0.0005 2.33
B2 0.41 1 0.41 18.11 0.0008 2.12
C2 4.31 1 4.31 192.65 < 0.0001 22.32
D2 1.79 1 1.79 79.83 < 0.0001 9.27
Residual 0.31 14 0.022 1.61
Lack of Fit 0.28 10 0.028 3.74 0.1077
Pure Error 0.030 4 7.573E-003
Cor Total 19.22 28 100
Std Dev 0.15 R-Squared 0.9837 
Mean 3.40 Adj R-Squared 0.9674 
C.V. % 4.41 Pred R-Squared 09127 
PRESS 1.68 Adeq Precision 26.842 
 
a. b.
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influence the investigated output parameter however, its interactions with all 
remaining input parameters shown to be highly significant. All factor interaction 
presents significance, with the greatest contribution of almost 19% shown by the 
interaction of cutting speed and gas pressure.   
The ANOVA of Ra quadratic model, as shown in Table 4.4, is also significant with a 
good fit confirmed by the good agreement between all predictors and the residuals 
concentrated along a straight line as shown in Figure 4.5b. The model highly 
significant factor is the focal position while gas pressure and laser power are also 
showing significance. As seen in Table 4.4, all parameter interactionsare 
significantwith the highest contribution coming from the cutting speed and gas 
pressure relation. The quadratic models of the two surface roughness indicators are 
presenting similarity in terms of significant factors and their interactions. This is 
expected as the two outputs measures, in different ways, the same quality 
characteristics.   
Table 4.4. ANOVA for Ra
 
 
Source Sum of 
Squares 
df Mean 
Square 
F 
Value 
p-value 
Prob > F 
% 
Contribution 
Model 0.81 14 0.058 66.81 < 0.0001  
A-Laser power 4.408E-003 1 4.408E-003 5.11 0.0403 0.53 
B-Cutting speed 8.333E-004 1 8.333E-004 0.97 0.3424 0.10 
C-Focal position 0.10 1 0.10 119.01 < 0.0001 12.2 
D-Gas pressure 0.013 1 0.013 15.45 0.0015 1.58 
AB 0.090 1 0.090 104.32 < 0.0001 10.9 
AC 0.058 1 0.058 66.76 < 0.0001 7.06 
AD 0.016 1 0.016 18.11 0.0008 1.95 
BC                 0.073 1 0.073 84.50 < 0.0001 8.89 
BD            0.15 1 0.15 176.30 < 0.0001 18.2 
CD         0.016 1 0.016 18.11 0.0008 1.95 
A2 0.027 1 0.027 30.88 < 0.0001 3.28 
B2 0.023 1 0.023 26.77 0.0001 2.8 
C2 0.17 1 0.17 194.69 < 0.0001 20.7 
D2 0.061 1 0.061 70.98 < 0.0001 7.42 
Residual 0.012 14 8.627E-004    
Lack of Fit 0.011 10 1.076E-003 3.26 0.1330  
Pure Error 1.320E-003 4 3.300E-004    
Cor Total 0.82 28     
 
Std. Dev. 0.029 R-Squared 0.9853 
Mean 0.69 Adj R-Squared 0.9705 
C.V. % 4.26 Pred R-Squared 0.9218 
PRESS 0.064 Adeq Precision 29.429 
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The polynomial regresion models for Rz and Ra in terms of input parameters and 
interactions are ginen by Equations4.1 and 4.2 below.  
Rz =+6.266+3.548E-003*A+1.021*B +2.731* C -0.701*D +1.320E-003*A*B-1.030E-
003*A*C -3.650E-004 * A*D +0.875 *B*C -0.148*B*D +0.0167*C*D-9.267E-
007*A2+0.179*B2+0.619*C2+0.0637*D2(Eq. 4.1) 
Ra =+2.229 +3.287E-004 *A+0.352* B+1.193*C - 0.130*D + 3.000E-004*A*B- 2.400E-
004 *A*C - 4.16667E-005*A*D + 0.135*B*C - 0.0650*B*D - 0.0208*C*D-2.563E-007*A2 
+ 0.0597*B2 + 0.161*C2 + 0.0108*D2(Eq. 4.2) 
4.2.2 Analysis of MRR and DD 
For MRR, a 2FI model was found adequate, with laser power and cutting speed highly 
significant factors followed by gas pressure and focal position as seen in Table 4.5. 
The cutting speed is the factor with more than 93% contribution to the variation of the 
output investigated and that is expected as MRR is highly dependent on the feed rate 
of the process.  The model‘s two factor interactions are gas pressure with focal 
position and gas pressure with laser power. The distribution of residuals in a linear 
fashion, as shown in the normal distribution plot in Figure 4.6a, reveals a good 
correlation between the experimental and predicted values. 
Table 4.5. ANOVA for MRR
 
 
Source 
Sum of 
Squares 
df Mean Square F 
Value 
p-value 
Prob > F 
% 
Contribution 
Model 4.867E+007 6 8.111E+006 209.36 < .0001  
A-Laser power 9.207E+005 1 9.207E+005 23.76 <0.0001 1.86 
B-Cutting speed 4.638E+007 1 4.638E+007 1197.04 < .0001 93.66 
C-Focal possition 2.504E+005 1 2.504E+005 6.46 0.0186 0.51 
D-Gas pressure 3.554E+005 1 3.554E+005 9.17 0.0062 0.72 
AD 2.143E+005 1 2.143E+005 5.53 0.0280 0.43 
CD 5.499E+005 1 5.499E+005 14.19 0.0011 1.11 
Residual 8.524E+005 22 38743.46   1.72 
Lack of Fit 8.040E+005 18 44668.57 3.70 0.1069  
Pure Error 48321.89 4 12080.47    
Cor Total 4.952E+007 28         100 
 
Std Dev 196.83 R-Squared 0.9828 
Mean 4104.22 Adj R-Squared 0.9781 
C.V. % 4.80 Pred R-Squared 0.8687 
PRESS 1.552E+006 Adeq Precision 46.386 
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Figure 4.6. Normal plot of residuals for: a) MRR and b) DD 
The predicted equation that relates the MRR with the process parameters is: 
MRR =- 10071.392+2.560*A +1965.903*B -1751.137*C +674.977*D - 0.154*A*D  
+123.592*C*D  
                                                                                                                                        (Eq.4.3) 
 
TheANOVAstatistical analysis quadratic model for DD reveals a significant model 
with a good fit to the experimental data. The residual analysis clearly indicates that 
errors are normally distributed as majority of residuals are clustered about a straight 
line as shown in Figure 4.6b. 
Although laser power is a highly significant factor influencing dimensional deviation, 
the cutting speed and gas pressure also shows significance. The interaction of laser 
power and focal position shows a high significance as well as focal position and gas 
pressure. These interactions are reflected by the high percentage contribution of more 
than 15 and 10% respectively.  Table 4.6shows the results of ANOVA for DD. 
The model predicted equation is: 
DD=+2.484-1.649E-003*A +1.043*B +1.702*C +0.28247*D -3.080E-004*A*B  -5.454E-
004*A*C -4.228E-005*A*D -0.0675*B*C -0.0362*B*D +0.075908*C*D+2.654E-
007*A2-0.0103*B2+0.281*C2+1.439E-003*D2 
 
                                                                                                                                      (Eq.4.4.) 
b.a.
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Table 4.6. ANOVA for DD
 
4.2.3. Effects of process parameters on the responses 
Data analysis for one factor effect on the responses is graphically analysed in order to 
ascertain the trend of each laser machining/cutting input parameter on the specific 
response. The graphs show the variation of one input parameter while the others are 
kept at their mid values. 
4.2.3.1. Effect of process parameters on Rz and Ra 
The input parameters variation displays a similar tendency for both studied surface 
roughness responses. The graphs of variation of Rz and Ra with laser power, cutting 
speed, focal position and gas pressure are shown inFigure 4.7. 
The best surface roughness is obtained at highest values of laser power of 2500 W as 
seen in Figure 4.7a. The increase in laser power shows a decrease in surface 
roughness that can be attributed to the fact that the high power intensity addsenergy 
that heat up the material beyond the melting point with possible vaporization. 
Source Sum of  
Squares 
df Mean  
Square 
F Value p-value  
Prob > F 
% 
Contribution 
Model 1.89 14 0.13 39.10 < 0.0001  
A-Laser power 0.46 1 0.46 132.13 < 0.0001 23.80 
B-Cutting speed 0.083 1 0.083 24.06 0.0002 4.29 
C-Focal possition 0.037 1 0.037 10.70 0.0056 1.91 
D-Gas pressure 0.078 1 0.078 22.72 0.0003 4.04 
AB 0.095 1 0.095 27.50 0.0001 4.92 
AC 0.30 1 0.30 86.23 < 0.0001 15.52 
AD 0.016 1 0.016 4.66 0.0486 0.83 
BC 0.018 1 0.018 5.28 0.0375 0.93 
BD 0.047 1 0.047 13.71 0.0024 2.43 
CD 0.21 1 0.21 60.14 < 0.0001 10.87 
A2 0.029 1 0.029 8.28 0.0122 1.50 
B2 6.913E-004 1 6.913E-004 0.20 0.6612 0.04 
C2 0.51 1 0.51 149.06 < 0.0001 26.39 
D2 1.088E-003 1 1.088E-003 0.32 0.5832 0.06 
Residual 0.048 14 3.449E-003   2.48 
Lack of Fit 0.043 10 4.326E-003 3.44 0.1226 23.80 
Pure Error 5.031E-003 4 1.258E-003    
Cor Total 1.94 28          100 
 
Std Dev 0.059 R-Squared 0.9751 
Mean 1.18 Adj R-Squared 0.9501 
C.V. % 4.98 Pred R-Squared 0.8673 
PRESS 0.26 Adeq Precision 26.770 
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d. 
Figure 4.7. One factor graphs of Rz and Ra variation with: a)Laser power, b) Cutting 
speed, c) Focal position, d) Gas pressure 
This results in a low viscosity melt with goodmelt dynamics that, when discharged, 
leaves the cut zonewith a better surface roughness. Same trend of decrease in average 
surface roughness with increase in power was also indicated by Miraoui et al [56,57] 
and Eltawahny et al [77]. 
Highest values of surface roughness are obtained at low cutting speed. The slower the 
cutting head movement over the path, the more heat energy is received at a given 
incremental path intervalwith the consequence ofelevated thermal diffusion and 
increase of melt film thickness. This, correlated with the overlap of the laser beam 
footprint on the path as shown Figure 4.8may result in visible striations on the cut 
surface, hence an inferior surface roughness. 
 
Figure 4.8. Top view of laser beam footprint when cutting the kerf 
At a cutting speed of 2 m/min, the surface roughness shows its lowest value followed 
by a slight increase as the cutting speed increases to 3 m/min. This variation is shown 
in Figure 4.7b and is consistent with the findings from the pilot experiments. 
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Focal position is a significant factor affecting the surface roughness and Figure 4.7c 
shows thatgood surface roughness is obtainedwhen the focal position is situated at 2.5 
mm on the cut depth. This depth represents approximately half of the material’s 
thickness. Therefore, when positioning the focal point either upper or at greater depth 
below the top surface of the workpice, the thermal diffusivity from the high power 
intensity spot will be dispersed unequally throughout the cut. The consequence will be 
an uneven temperature of the melt film hence, a variation in the melt density that will 
result in increased surface roughness as the assist gas pressure is pushing the melt out 
of the cut zone. 
The gas pressure shows also to influence the surface roughness and better values of 
surface roughness are obtained at higher gas pressure values as shown inFigure 4.7d. 
This is due to the melt characteristics and flow dynamics that require high pressures 
of the assist gas to expel the molten metal efficiently and uniformly from the cut front. 
4.2.3.2. Effect of process parameters on MRR and DD 
The effect of laser power as seen in Fig 9a shows an increase in MRR as the laser 
power is increased from 1500 W to 2500W. The MRR, as mention before, is linearly 
dependent on the kerf width and cutting speed. Thehigher laser power resulted in a 
kerf width increase thus, the increasing trend of MRR. Similar effect of the laser 
power and assist gas pressure (i.e. the rise of gas pressure and laser power is resulting 
in increase in kerf width) on the kerf width was observed by Yilbas [78,79],Madic 
[54] and Miraoui [56]. As the gas pressure is varied from 10 to 16 bar the expected 
increase in kerf width will result in the increase in MRR as shown in Figure 9d. 
When cutting speed is varied from 1 m/min to 3 m/min, the MRR is increasing, as 
expected. A faster feed rate will result in shorter cutting time hence, better 
productivity. The effect of cutting speed on MRR is shown in Figure 4.9b. 
The focal position effect on the MRR, as shown in Figure 4.9c, reveals the highest 
value of MRR for a depth of 3.5 mm from the top surface of the focal point. A focal 
point position situated closed to the bottom surface of the workpiece will create a 
larger cut kerf width and that is beneficial for the melt removal rate. 
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d. 
Figure 4.9. One factor graph of MRR and DD variation with: a) Laser power, b) 
Cutting speed, c) Focal position, d) Gas pressure 
A similar conclusion regarding the effect of focal position and kerf width was 
expressed by Wandera [18]. 
The effect of laser power on DD, as seen in Figure 4.9a,shows that least dimensional 
deviation is obtainedat maximum laser power. A high laser power provides high 
energy to the cut zone that creates a low density melt. This melt has better 
hydrodynamics and offer easier separation from the solid base material. At the liquid- 
solid interface, viscous forces contribute to the adherence ofthe melt onto the solid 
base material and, as the melt is expelled from the cut, a thin film is left to re-solidify 
on the kerf surface. This thin re-solidified layer is a contributor to the difference from 
the nominal dimension that accounts for the dimensional deviation. 
Thevariation of cutting speed, as seen inFigure 4.9b, shows a decrease in dimensional 
deviation as the cutting speed is decreased.At low cutting speed, the interaction time 
of the laser beam with the base material is longer hence, the increase in heat 
absorption per unit area. This result in good thermal diffusion that creates a melt with 
good melt flow properties that leads to less dimensional deviation. 
A similar decreasing trend of DD is also obtained asgas pressure is reduced as shown 
in Figure 4.9d. The high gas pressure will induce some turbulence in the cut zone that 
will affect the flow of the melt out of the cut especially when abruptly changing 
direction to follow the path geometry.  
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Less dimensional deviation is obtainedwith the increase in focal point position depth 
within the material. Figure 4.9c shows a minimum variation of DD between focal 
position of 2.5 and 3.5 mm from the top surface of the workpiece. This position of 
high energy intensity situated around middle to bottom of the material thickness, 
provides a uniform temperature distribution along the cut depth hence a good stability 
conditions on the cut front that result in path geometry very closed to the theoretical 
one. 
4.2.4. Effect of process parameter interactions on responses 
4.2.4.1 The parameter interactions for Rz and Ra model 
Before discussing the parameter interactions, it is better to mention that the material 
properties affects the laser cutting process as this process is greatly influenced by 
thermal conductivity and the viscosity of the metal in liquid state. What is generally 
called the cutting front is actually the interface between the liquid and solid metal that 
is preceded by the heating front whereby the laser power is absorbed. Thus, the 
cutting mechanism starts with heating followed by the melting stage that is a rather 
cyclic process and may lead to the formation of striations on the cut surface. The 
cutting front progression through the material will depend on the energy input, 
thermal properties of the material to be cut and the molten material removal 
mechanism.  
The statistical analysis of Rz and Ra models resulted in significant interaction 
between all parameters, i.e. laser power, cutting speed, focal position and gas 
pressure.This is anticipated as the process is highly dynamic and these interactions 
have to be thoroughly explored for a better understanding of the process mechanism. 
The 3D plots of the significant parameters interactions are shown in Figure 4.10for Rz 
and Figure 4.11 for Ra. 
The surface roughness responses under consideration exhibit, as expected, a similar 
behaviour for the parameter interaction. Best surface roughness values are obtained at 
high laser power and low cutting speed as shown in Figure 4.10a and Figure 4.11a. 
Similar trend was observed by Madic et al [54] and Eltawahni et al [77].The high 
power provided to the cutting zone combined with the slower progression of the cut 
front 
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Figure 4.10. Parameter interaction for Rz 
will heat the base metal beyond the melting point.  This so created low viscosity melt 
possesses better flow dynamics properties that, when ejected, leaves a cut surface with 
a better surface roughness.  
A focal position between 2 to 1.5 mm below the top surface of the work piece and the 
highest laser power is the ideal parameter combination for low values of surface 
roughness as shown in Figure 4.10b and Figure 4.11b. The focal spot positioned 
within the material allows for better thermal diffusivity that, together with high 
intensity power, results in better melt formation. 
    
a.                                                                       b.  
        
                                                  c.                                                                     d.  
   
                                    e.                                                                           f. 
 83 
 
 
Figure 4.11. Parameter interaction for Ra 
When considering the combination of laser power and gas pressure, the high settings 
of both parameters will result in a minimum surface roughness as shown in Figure 
4.10c and Figure 4.11c. The high laser beam energy takes the base metal quickly to a 
molten state and creates a proper cut channel which allows the inert gas to expel the 
liquefied material out of the cut zone leaving a clean and smooth cut surface.  
The cutting speed and focal position represents a highly significant process interaction 
as predicted by ANOVA models of Rz and Ra. The relation of these parameters 
relative to the responses can be seen in Figure 4.10d and Figure 4.11d respectively. 
    
a.                                                                       b.  
       
                                     c.                                                                             d.  
        
                                                    e.                                                                            f. 
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The 3D plot exhibits a similar behaviour for both responses considered. A minimum 
value of surface roughness appears at low cutting speed and a focal position in the 
region between 2.5 and 1.5 mm below the top surface. The slow movement of the 
focused beam along the path of the cut allows the time for better thermal diffusivity in 
the cut zone hence,higher thermal efficiency. The consequence of combining this 
slow movement with the ideal position of the focal point at maximum power 
intensityis the minimum surface roughness.  
The saddle like 3D plot of cutting speed and gas pressure interaction would suggest 
that low values of surface roughness may be obtained along a line whereby as the gas 
pressure increases, the cutting speed also increases. The contour plot shown in Figure 
4.12help visualize the minimum surface roughness that is obtained at maximum levels 
for both cutting speed and gas pressure. 
 
Figure 4.12. Contour plots of Rz and Ra for cutting speed and gas pressure interaction 
The higher cutting speed means faster energy input rate thus smaller temperature 
variation at the cutting front hence, good stability at the cut front. This, correlated 
with high assist gas pressure to support the quick removalof the molten material,will 
result in low value of surface roughness. 
The interaction of focal position and gas pressure, as seen in Figure 4.10f and Figure 
4.11f, shows no clear minimum of surface roughness, rather a central area around 13 
and 15 bar gas pressure and 2 and 2.5 below the top surface of focal position. A better 
graphic representation of this interaction is revealed by the contour plots shown in 
Figure 4.13. It can be seen that, for both output parameters, the minimum surface 
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roughness is at a focal position of 2 mm from the workpiece top surface and at around 
14 bar gas pressure.  
 
Figure 4.13. Contour plots of Rz and Ra for focal position and gas pressure interaction 
Focusing the small spot of high intensity on the surface of the material is not 
successful for thicker materials as this may fail to create the proper cut channel, hence 
a cut through kerf. For our thickness of 4.5 mm, the beam has to be focused in the 
material to create a large enough channel that supports a larger volume of molten 
material while using a neutral assist gas with just enough pressure to expel it. 
4.2.4.2. The parameter interactions for MRR and DD model 
The high productivity is obtainedwhen the volume of material is removed at high rate 
hence higher MRR will imply a better productivity.  The model of MRR highlighted 
the interaction of laser power with gas pressure and focal position with gas pressure. 
The surface plots of the parameter interaction in relation to MRR are shown in Figure 
4.14. A maximum MRR is obtained at a combination of high laser power and high gas 
pressure and the combination of high gas pressure with a focal position at 1.5 mm 
below the top surface will also result in a maximum MRR. However, the contribution 
of these interactions to the statistical model of MRR as presented in Table 4.5 is 
0.43% and 1.11 % respectively. This is minimal as compared with the cutting speed 
that is the main contributor with 93.66%. At 16 bar assist gas pressure with 2500 W 
laser power, MRR as high as 4322.13 mm3/min is predicted while for same gas 
pressure with a 1.5 mm focal position an MRR of 4479.91mm3/min may be obtained. 
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Figure 4.14. Parameter interaction for MRR 
The predicted MRR values for the resulted two factor interaction are relatively low as 
seen in Figure 4.15, while higher values of MRR have been obtained experimentally 
at some other parameter combination.  
 
Figure 4.15. Maximum predicted MRR for significant parameter interactions 
The quadratic model of DD resulted in three highly significant interactions, namely 
laser power with cutting speed and focal position as well as the interaction of gas 
pressure with focal position. The surface plots representing the parameter relation 
with respect to the response are shown in Figure 4.16. When the molten material 
properties (i.e. viscosity and flow dynamics) are not adequate, the separation from the 
solid base material may result in a thin layer of re-solidified melt. This layer that 
remains on the sides of the kerf while the bulk of molten metal is expelled from the 
a. b.
a. b.
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cut is contributing to the difference from the nominal dimension, hence creating the 
dimensional deviation. 
A low value of dimensional deviation would imply a more accurate component profile 
with geometry close to the nominal value. It is observed that DD is minimal at high 
cutting speed and high laser power. At this combination, a narrow kerf is obtained, 
that may result in less dimensional deviation. A 0.8% dimensional deviation is 
predicted at 3 m/min cutting speed and 2500 W power combination as seen in Figure 
4.16a. 
 
Figure 4.16. Parameter interactions for DD 
For the interaction between focal position and laser power, as shown inFigure 4.16b, a 
minimal DD is obtained at maximum setting of laser power with a focal position 
between 2 and 2.5 mm below the surface. 
Another significant parameter interaction that affects DD is the focal position and gas 
pressure shown in Figure 4.16c. The 3D plot shows that low value of DD is obtained 
at 16 bar gas pressure and a focal position between 2.5 and 3.5 mm from the top 
surface within the material. These interactions are shown as contour plots with 
b.a.
c.
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predicted values for DD in Figure 4.17. High predictions of 0.8 and 0.9 respectively 
are obtained for all significant input parameter interactions.  
 
Figure 4.17. Minimum predicted values of DD for significant parameter interactions 
4.3. Conclusion of the chapter 
The chapter presented the results and analysis of the preliminary and the main 
experiments.  
In the preliminary experimentation stage, average surface roughness and mean surface 
roughness depth were the investigated responses. From the OFAT design of 
experiments, it was found that good surface roughness is obtained at high laser power 
and gas pressure settings with moderate cutting speed and a focal position between 2 
and 3 mm below the top surface. Based on these findings the experimental range was 
b.a.
c.
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narrowed for the main experimental design to 1 to 3 m/min for the cutting speed and 
1.5 to 3.5 mm below workpiece top surface for thefocal position. 
The experimental design used for the main stage of experimentation is BBD of RSM 
and four responses were investigated namely: mean roughness depth, average surface 
roughness, material removal rate and dimensional deviation. The experimental data 
was analysed with ANOVA and all responses, except MRR, were predicted by 
quadratic models. MRR however resulted in a 2FI model. All models have been 
examined from statistical perspective to determine their significance and the level of 
correlation between the experimental and predicted values and all proved to be a good 
fit for the experimental data. From the ANOVA analysis of the models, significant 
parameters were identified and most importantly the significant interactions of 
parameters. For each response, a regression equation that relates the response to the 
input parameters and interaction was found. From the main experimental data, each 
process parameter effect on the responses was analysed and presented in 2D plots 
while for the significant parameter interactions, the 3D plots and contour plots were 
used. Considering that most of the combinations of input parameters are significantly 
affecting the responses it is evident that the laser cutting is a complex and difficult to 
predict process.  
The overall findings may be summarized as follows: 
 Both surface roughness responses under investigation were consistently 
presenting same tendency; 
 Good surface roughness is obtained at a combination of high laser power with 
maximum gas pressure and minimum cutting speed with maximum laser 
power. This trend is consistent with other researchers’ findings. 
  A focal position of 1.5 mm below the top surface of the workpiece combined 
with low cutting speed was found to result in low value of surface roughness; 
 The MRR2FI model indicated clearly that cutting speed is the main factor 
affecting the material removal rate and presented two factor interactions with 
minimal contribution.  
 A decrease in DD is obtained when laser power is increased or focal position 
is decreased. When increasing cutting speed or gas pressure, a higher DD is 
obtained.  
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 Good dimensional deviation was obtained at a combination of high laser 
power with high cutting speed and a focal point position situated between 1.5 
and 2.5 mm from the top of the workpiece. Predictions as low as 0.8% in 
dimensional deviation was obtained. 
The chapter revealed the complex nature of the process as each model created was 
scrutinized and each factor and their interaction was analysed relative to the 
investigated outputs. Further optimization of the process is required for which 
desirability analysis will be used. The analysis and experimental work conducted to 
validate the optimized parameters are presented in next chapter. 
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Chapter 5. Optimization and Surface Integrity Analysis 
The chapter presents the single response and multi-response optimization (conducted 
based on desirability technique) and surface integrity such as microstructure, heat 
affected zone and micro-hardness of miniature gears fabricated at optimum laser 
beam machining parameters. 
5.1. Optimization 
5.1.1 Single-Response Optimization 
Following the discussion of Chapter 3 (Section 3.3.2) on desirability based 
optimization, single and multi-response optimization have been done after 
experimentation and analysis of results. In the single response optimizationfor each 
individual output parameter,the optimal conditions were obtained by setting each 
input goal as “in range” while the investigated output is either to minimize or 
maximize, whichever the case i.e. surface roughness and dimensional deviation are 
parameters that were to be minimized while material removal rate was to be 
maximized. 
The optimization may result in a number of solutions that provide good set of 
conditions which satisfies all the goals. A graphical analysis of all good solutions, 
showing how the factor settings affect the response, may provide the feel for 
sensitivity. The ramp graph is a good visual tool for the display of the optimal factor 
settings and optimal response [1, 2]. Moreover,changing between solutions is also 
represented as movement of points representing each factor setting and the response. 
A little movement (i.e. small variation of input parameters) of these points is an 
indication of a robust solution. Contour plots for individual output desirability 
analysis also show a region of parameter interaction resulting in favourable solutions.  
The individual desirability analysis (for a single response)with optimal combination 
of the input parameters and predicted value for each response are shown in Table 5.1. 
The solution with the predicted value of response closest to the goal was selected. In 
all analyses the response highest importance was set and the upper and lower limits 
were the maximum and minimum of the response data.  
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Table 5.1. Desirability based prediction of optimal parameter combinations and 
responses for single response optimization 
Parameter LP 
[W] 
CS 
[m/min] 
FP 
[mm] 
GP 
[bar] 
Importance Predicted 
Mean roughness 
depth Rz [µm] 
2485.45 1.95 -2.06 14.35 5 2.02 
Average roughness  
Ra [µm] 
2359.07 1.35 -2.11 14.03 5 0.426 
Material removal 
rate MRR[mm3/min] 
2115.57 2.98 -3.45 10.04 5 6462.18 
Dimensional 
deviation DD [%] 
2451.45 2.62 -2.61 15.77 5 0.7081 
 
In Figure 5.1, the ramp graphs and 2D desirability plot for the Rz predicted solution 
of 2.02 µm are shown. From the 2D desirability plot it can be seen that the red region 
indicating desirability unity or close to unity is representing a combination of laser 
power between 2260 and 2500 W with cutting speed between 1 and 2.2 m/min. 
 
Figure 5.1. Ramp graphs and desirability plot for Rz 
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Figure 5.2.Ramp graphs and desirability plots for Ra 
Similarly, the predicted response for Ra of 0.426 µm is obtained at different 
combinations of laser power and cutting speed. This is an illustration of trade-offs that 
can be made when considering one response in terms of productivity (i.e. cutting 
speed) or energy saving (i.e. laser power). Figure 5.2shows the desirability plot red 
region at either combination of low laser power and high cutting speed or at laser 
power above 2260 W and cutting speed up to 2.2 m/min. 
The desirability ramp graphs and prediction plot for MRR and DD are shown in 
Figure 5.3. For the MRR, a high laser power and cutting speed with minimum gas 
pressure and focal position at maximum distance from the top of workpiece, is an 
ideal combination that achieves the goal for the response, i.e. maximizing MRR. The 
optimization of DD, as seen inFigure 5.3b, is also at high laser power and cutting 
speed combined with maximum gas pressure and mid-value of focal position. 
5.1.2 Multi-Response Optimization 
The individual response optimization is very useful when emphasis is given to one 
particular quality characteristics such as average surface roughness, roughness depth 
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or process improvement in terms of productivity or energy efficiency. For this, the 
analysis as shown in previous section provides clear indication of optimum parameter 
 
Figure 5.3. Ramp graphs and desirability plots for: a) MRR, and b) DD 
settings that achieve the goal set for each individual response optimization. However, 
when the product has to satisfy concurrently more than one quality characteristic, a 
multi-response optimization is required. This will combine the individual optimization 
functions and apply the importance of each response to result in a combined optimal 
input parameter combination that satisfies simultaneously the goal set for each 
response. 
For the multi-response optimization, the responses were grouped to determine the 
optimum input parameters combination for a particular scenario. A number of three 
optimizations were performed where the responses were paired to give consideration 
to surface quality and productivity or surface quality and part accuracy. One 
optimizationwas considering only the surface roughness based responses i.e. Ra and 
Rz. 
Thepredicted input parameters for multi-response optimization for the aforementioned 
groups are shown in Table 5.2. 
ba
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Table 5.2.Multi-response optimization prediction results based on response groups 
 
When product quality as well as process efficiency/productivity and energy saving are 
important, all responses are considered in the multi-response optimization analysisfor 
whichequal importance is assigned to each response.The constraints applied and the 
results of the optimizationfor all responses are shown in Table 5.3. 
Table 5.3. Settings for multi-response optimizationfor all responses together with 
equal assigned importanceto eachresponse 
Constraints Solution 
Name Goal Lower 
Limit 
Upper 
Limit 
Importance Desirability 
0.958 
Laser power is in 
range 
1500 2500 3 2500 
Cutting speed is in 
range 
1 3 3 2.97 
Focal position is in 
range 
-3.5 -1.5 3 -2.00 
Gas pressure is in 
range 
10 16 3 16.00 
Rz minimize 2.21 4.98 3 2.36932 
Ra minimize 0.43 1.03 3 0.49014 
MRR maximize 2020.3 6355.23 3 6332.17 
DD minimize 0.7351 1.9142 3 0.635044 
 
The optimum combination of parameters specified by the solution is maximum laser 
power, cutting speed and gas pressure with a focal position of 2 mm below the 
workpiece top surface. 
It is observed from the ramp graphs as shown in Figure 5.4that the surface roughness 
predictions are slightly higher than their lower limit while the MRR has a value close 
to the upper limit and a smaller value than the lower limit is obtained for DD. 
Multi-responses Input parameter 
 LP[W]   CS[m/min] FP[mm] GP[bar] 
Rz and Ra Predicted 2362.22 1.38 -2.19 11.96 
Rz andMRR Predicted 1500.01 3.0 -2.18 16 
Ra and DD Predicted 2499.98 2.44 -2.08 16 
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For a greater importance assigned to the surface roughness, similar solution is 
obtained as seen in Table 5.4, with a desirability value of 0.959 which represents an 
insignificant difference. 
 
Figure 5.4. Ramp graphs for multi-response optimization with same response 
importance criteria 
Table 5.4. Settings for multi-response optimization withdifferent assigned importance 
to responses 
Constraints Solution 
Name Goal Lower 
Limit 
Upper 
Limit 
Importance Desirability 
0.959 Laser 
power 
is in 
range 
1500 2500 3 2499.972 
Cutting 
speed 
is in 
range 
1 3 3 2.64 
Focal 
position 
is in 
range 
-3.5 -1.5 3 -1.91 
Gas 
pressure 
is in 
range 
10 16 3 16.00 
Rz minimize 2.21 4.98 5 2.2331 
Ra minimize 0.43 1.03 5 0.447831 
MRR maximize 2020.3 6355.23 3 5714.06 
DD minimize 0.7351 1.9142 3 0.735097 
 
However, comparing the ramp graphs, lower value of surface roughness is predicted 
while the MRR is now less than the upper limit and DD value on its lower limit. As 
seen inFigure 5.5, laser power and gas pressure are still at their maximum while the 
cutting speed is not any longer maximum thus, affecting the value of MRR. 
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The multi-optimization analysis can be designed to favour one output parameter over 
the other, as each response may have a different significance for the analyst. In the 
multi-optimization models presented above, a difference in response importance does 
 
Figure 5.5. Ramp graphs for multi-response optimization with different response 
importance criteria 
not result in a significant difference of the solution.The predicted values of laser 
parameters for multi-response optimization are shown in Table 5.5. 
Table 5.5. Multi-response optimization prediction results for all responses together 
 
5.1.3.Validations experiments 
The single- and multi-optimization solutions are, as a good practice, verified by 
another set of experimental runs that uses optimal parameter combination predicted 
by the analysis. 
The experimental work for the validation of results was conducted under the same 
conditions as the work for main experiments: same laser cutting machine with same 
methods and instruments for measuring the responses were used. 
Multi-responses Input parameter 
 LP[W]   CS[m/min] FP[mm] GP[bar] 
Rz, Ra, 
MRR and DD 
Predicted 2499.97 2.64 -1.91 16 
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For theverification of single-responseoptimization results as predicted by desirability, 
a total of four confirmation experiments were performed, as seen inTable 5.6, where 
the experimental input parameters were slightly adjusted according to machine 
constraints.  
Table 5.6. Input parameter settings for single optimization validation experiments 
Exp. 
No. 
Response Input parameter 
 LP[W] CS[m/min] FP[mm] GP[bar] 
1 
Rz[µm] 
Predicted 2485.45 1.95 -2.06 14.35 
Experimental 2485 2 -2.1 14.4 
2 
Ra[µm] 
Predicted 2359.07 1.35 -2.11 14.03 
Experimental 2359 1.4 -2.1 14 
3 
MRR[mm3/min] 
Predicted 2115.57 2.98 -3.45 10.04 
Experimental 2116 3 -3.5 10 
4 
DD[%] 
Predicted 2451.45 2.62 -2.61 15.77 
Experimental 2451 2.6 -2.6 15.8 
The results of the confirmation experiments are listed in Table 5.7against the 
predicted value from the single response optimization. The experimentalresults for 
surface roughness parameters Rz and Ra obtained are very close to the predicted 
values with a narrow difference of approximately 1 to 2 %. This is a strong indication 
that the optimization prediction for these responsesis effective.  
Table 5.7. The predicted and experimental values for single response optimization 
Experiment 
no 
Response Predicted 
value 
Experimental 
value 
% 
Error 
1 Rz [µm] 2.02 2.06 -1.98 
2 Ra [µm] 0.426 0.43 -0.94 
3 MRR[mm3/min] 6462.18 6322 2.17 
4 DD [%] 0.7081 0.6918 2.30 
The MRR experimental value of the confirmation experiments it is slightly lower than 
the optimization predicted value with 2.17% error while, a 2.3% error in the 
experimental value of DD was obtained.The fact that the measured response values 
for the validation experiments are in good agreement with the predicted values of the 
single response optimization confirms the validity of optimization in terms of input 
parameter setting and expected response. The small errors between the predicted and 
experimental values may be translated into high level of confidence regarding the 
optimization method and results.  
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For the multi-response optimization, another four confirmation experiments were 
performed. The input parameter settings for these confirmation experiments are 
shown in Table 5.8. When performing the experiments, whenever the case, the 
optimized value of the input parameter has been adjusted as to match the machine 
setting capability. 
Table 5.8. Input parameter settings for multi-response optimization validation 
experiments 
 
The results for the confirmation experiments are shown in Although the experimental 
values obtained for the multi-optimization of all responses are, with exception of Ra, 
slightly higher than the predicted ones, the difference accounts for errors only 
between 5 and 6.6%. Therefore, the all responses experiment is confirming that 
predicted input parameters will result in approximately the predicted responses hence 
a valid and successful optimization is achieved. In other words, as the experimental 
results are comparable with predicted optimization values,it is concluded that the 
optimization is valid and applicable whenever a combination of product quality and/or 
productivity is required.    
Table 5.9 shows experimental multi-response values along with the predicted 
responses by desirability. An error between predicted results and experimental ones of 
less than 2% is obtained for the surface roughness parameters optimizationthus 
confidently validating the optimization results.For the simultaneous optimization of 
both surface roughness parameter and process productivity, the values of predicted 
outputs and experimental ones are very close with a difference within 4.3 to 4.6%. A 
good agreement between predicted and experimental value are also obtained for the 
optimization of surface roughness and dimensional accuracy with percentage errors of 
3.3 and 4.7 % respectively. 
Exp. 
 No. 
Multi-
responses 
Input parameter 
 LP 
[W]   
CS 
[m/min] 
FP 
[mm] 
GP 
[bar] 
5 Rz and Ra Predicted 2362.22 1.38 -2.19 11.96 
Experimental 2362 1.4 -2.2 12 
6 Rz and  
MRR 
Predicted 1500.01 3.0 -2.18 16 
Experimental 1500 3 -2.2 16 
7 Ra and DD Predicted 2499.98 2.44 -2.08 16 
Experimental 2500 2.5 -2.1 16 
8 Rz, Ra, 
MRR and DD 
Predicted 2499.97 2.64 -1.91 16 
Experimental 2500 2.6 -1.9 16 
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Although the experimental values obtained for the multi-optimization of all responses 
are, with exception of Ra, slightly higher than the predicted ones, the difference 
accounts for errors only between 5 and 6.6%. Therefore, the all responses experiment 
is confirming that predicted input parameters will result in approximately the 
predicted responses hence a valid and successful optimization is achieved. In other 
words, as the experimental results are comparable with predicted optimization 
values,it is concluded that the optimization is valid and applicable whenever a 
combination of product quality and/or productivity is required.    
Table 5.9. The predicted and experimental response values for multi-response 
optimization 
Experiment 
no 
Response Predicted 
value 
Experimental 
value 
% 
Error 
5 
Rz [µm] 2.08768 2.12 -1.55 
Ra [µm] 0.424457 0.43 -1.31 
6 
Rz [µm] 2.19599 2.29 -4.28 
MRR[mm3/min] 6270.15 5985 4.55 
7 
Ra [µm] 0.435595 0.45 -3.31 
DD [%] 0.735090 0.7964 -4.67 
8 
Rz [µm] 2.2331 2.38 -6.58 
Ra [µm] 0.447831 0.46 -2.72 
MRR[mm3/min]] 5714.06 6017 -5.30 
DD [%] 0.735097 0.7715 -4.95 
 
5.2 Surface Integrity of Miniature Gears 
The microstructuremorphology, heat affected zone (HAZ) and hardness of the 
optimized gear tooth surface have been evaluated after optimization and discussed 
hereunder.  
5.2.1 Microstructure 
Any machined surface will undergo changes in its microstructure as the machining 
process used will inflict changes of metallurgical, thermal, mechanical or chemical 
nature. Using scan electron microscopy (SEM), the presence of micro-cracks, burrs, 
nicks, voids and HAZcan possibly be determined. In Figure 5.6below, an initial 
observation of the cut surface appearance of two different samples is presented to give 
a general idea of the type of machined surface obtained by laser beam cutting.  
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In Figure 5.5b the surface is very uniform, as a result of a laminar flow, with very few 
adhered particles. This gear sample is for the optimized Rz obtained at a combination 
of high laser power and average cutting speed. In Figure 5.6a, the gear sample 3 from 
main experiments was used where an Rz of 2.36 µm was obtained at low laser power 
and high cutting speed. The optimized sample shows a visibly improved surface with 
less adhered particles and even flow pattern of the solidified melt. This is due to 
increase in laser power, suitably balanced with the cutting speed and the slight 
increase in gas pressure.  
Figure 5.6. SEM image of the cut surface for: a)main experiment no 3, b)optimized 
Rz gear sample 
Therefore, the general appearance of a laser beam machined surface presents uniform 
pattern in the melt flow direction with few attached micro-particles that, due to gas 
flow dynamics in the narrow kerf, have not escaped the cut zone. Further,the tooth 
flank perspective of the samples of optimized Rz, Ra and all responses is investigated. 
Figure 5.7shows two consecutive tooth flanks and the root in between of the 
optimized Rz gear sample.Same laminar flow is exhibitedhowever some waviness on 
the tooth flank is present through the depth of the cut due to unpredictable dynamics 
of the flow.  
The SEM images for the gear samples of optimized Ra and all responses optimization 
are shown in Figure 5.8.Similar regular flank with occasional attached particles and 
slight waviness is displayed. The root surface appears to be extremely smooth and 
a. b.
Adhered particles Adhered particles
Impurities
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well defined in all three samples while the tooth top occasionally presenting small 
ripples of solidified molten material.  
 
 
Figure 5.7. SEM image of gear tooth flanks 
Although the perspective of the cut on the tooth flank conveys important information, 
a closer examination of tooth flank is performed whereby image from the top, middle 
and bottom of the cut is individually examined for the same three samples. Figure 5.9 
shows that for all samples, the surface presents ripples at the top and, right on the top 
edge, some pinholes. At the cut entry, the assist gas flow dynamics is irregular as 
some small amounts is deflected by the top surface. This, and the fact that the focal 
point position is situated at about middle of the cut so, the top is experiencing less 
power intensity that results in less melt viscosity, is the reason forthe wave like 
pattern of solidified metal. The micro-porosities are the result of rapid cooling of the 
cut upper zone where the heat dissipation is high as the top surface of the workpiece 
in directly exposed to the atmosphere. At the middle section, the optimized Ra 
Tooth flank Tooth rootTooth top
Workpiece top
surface
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sample, shown in Figure 5.9b, displays a very homogeneous surface while the 
optimized Rz, shown in Figure 5.9a, presents some superficial pattern of solidified 
material. The middle of the sample for all responses optimization, as seen in Figure 
5.9c appears uniform with minor signs of waviness.   
 
Figure 5.8. SEM image of the tooth flank of: a). optimized Ra gear, and b). optimized 
all responses gear 
The surface at the bottom of the cut remains regular for all three samples however, the 
bottom of the edge in Figure 5.9b and 5.9c is presenting some dross attachment. As 
the assist gas impinges, the molten metal out of the kerf, some small metal droplets 
adhere to the edge and solidify forming the dross. Selection of laser cutting 
parameters setting has a great influence on fluidity of the melt, hence on the 
a.
b.
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drossformation. According to Madic et al [3, 4], wheninvestigated the dross formation 
in CO2 laser cutting of mild steel, concluded that cutting speed has the greatest 
influence 
 
Figure 5.9. SEM images of top, middle and bottom of the cut for: a) optimized Rz 
gear sample, b) optimized Ra gear sample, c) all response optimized gear sample 
on dross formation followed by laser power and assist gas pressure.Also that a dross 
free cut requires a combination of low cutting speed and laser power or, for high 
cutting speed, high laser power combined with high pressure of assist gas. Dross size 
between 0.2 and 0.7 mm were predicted by their analysis and experimentally 
confirmed. In a further experimental investigation of burr height with Taguchi L9 OA 
design of experiments they obtained values between 0.05 and 1.53 mm burr height. 
a b c
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For comparison, measurements of dross size on the gear samples presenting dross at 
the bottom edge were taken, as seen inFigure 5.10. The highest dross shows 139.10 
µm for the first measured sample and 248.45 µm for the second. As the optimized Rz 
gear hardly presented any dross attachment, the optimized Ra gear had a 0.14 mm 
biggest dross attachment and the all responses optimized gear presented a dross of 
0.25 mm. The measured dross size values are comparable with the lower values 
obtained in the above mentioned studies indicating that the performed response 
optimization resulted in minimum possible dross formation.   
 
Figure 5.10. SEM image with dross measurement for: a) Ra optimized gear sample, b) 
all responses optimized gear sample 
From all the presented images investigating the microstructure of the cut tooth, it can 
be seen that tooth flank surfaces obtained by laser cut process is regular with no 
surface micro-crack voids. Minimum dross on the lower cut edge was obtained as 
melt removal mechanism in the narrow thick section kerf is not completely 
predictable. 
a.
b.
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5.2.2 Heat Affected Zone (HAZ) 
In all thermal processes involving the melting of base material, as the molten metal is 
expelled from the cut zone, a very thin film solidifies and forms what is called the 
recast layer. Right before this layer, the heat affected zone occurs due to cycling rapid 
heating and cooling of the cut zone [5, 6]. The depth of HAZ is dependent on the 
material ability to dissipate heat and the amount of energy applied to the cut zone. 
Other factors affecting the extent of HAZ are the duration of exposure to the heat 
applied and the extent of area affected. Within the HAZ, the material microstructure 
experiences changes that results in different properties from the base material. Usually 
this changes are undesirable as they may result in surface cracking, increased 
brittleness, less resistance to corrosion and lowered material strength. In stainless 
steels, high heat generates localized hardening and increased brittleness. 
Among all thermal cutting techniques, laser beam machining generates the smallest 
HAZ as the heat is applied on a very small area.Using scan electron microscope, the 
investigation of HAZ was performed at the surface perpendicular to the cut surface. 
The samples wereprepared according to standard metallographic methods consisting 
of sample mounting in Bakelite, grinding and polishing with diamond paste followed 
by chemical etching in etchant 89 from ASTM E407-07. 
Under scan electron microscope, the close examination reveals a strip of visible 
changed material structure of a rather inconsistent thickness right at the edge of the 
tooth. That is in fact the HAZ and is highlighted only in Figure 5.11a by thin yellow 
lines, and can be approximated in Figure 5.11b and 5.11c as well. 
The width of HAZ appears to be very thin however, a better appreciation is obtained 
if it is measured. For the above investigated three samples a couple of measurements 
were performed in different places along the profile as presented in Figure 5.12, 
Figure 5.13and Figure 5.14. 
The measurements for HAZ width of the optimized Rz gear as showing in Figure 5.12 
resulted in values between 9 µm and 15.95 µm with an average of 12.5 µm. Figure 
5.13 shows smaller values of HAZ for the optimized Ra sample as measurement were 
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ranging between 5.37 µm and 8.61 µm. This is due to the decreased laser power and 
cutting speed. 
For the gear sample of multi-response optimization i.e. all responses together, the 
width of HAZ are between 11.64 µm and 20.73 µm that results in a slightly higher 
average of about 16.2 µm. This is the sample for which the maximum laser power was 
 
 
Figure 5.11. HAZ on the profile edge of LBM miniature gear 
a. b.
c.
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used, hence a greater HAZ width. As stated before, the amount of heat supplied to the 
cut zone influences the width of HAZ and this fact is confirmed by Tahir et al [7] and 
Rajaram et al [8] and Miraoui et al [9]. 
 
Figure 5.12. Measurements of HAZ for optimized Rz gear sample 
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HAZ investigation performed by Madic et al [4] when cutting 3 mm thick SS304 with 
CO2 laser machine revealed a width of HAZ ranging from 15 to 30.33 µm for Taguchi  
 
 
Figure 5.13. Measurements of HAZ for optimized Ra gear sample 
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Figure 5.14. Measurements of HAZ for gear sample obtained after multi-response 
optimization 
L27 OA design of experiments. As their experimental conditions are similar to those 
applied in this study, the results comparison shows that all our optimized gear samples 
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have, on average, less HAZ width. This is an indication that the laser cutting process 
parameters have the proper balance to reduce the adverse thermal effects on the 
machined surface. 
5.2.3 Micro-hardness 
Hardness is one important characteristic of machined surfaces that influences the 
machined part/performance characteristics when subject to various frictional or 
contact conditions and environmental factors. The determination of surface hardness 
is required for processes where high localized heat is applied resulting in large 
thermal gradients with the occurrence of thermal stresses. 
The samples prepared for SEM investigation were used, as those were appropriately 
polished and etched, and Vickers micro-indentation hardness testing was completed 
according to ASTM E384. Five indentations at 5 µm interval from the edge of the 
sample were performed with20 gf test load and dwelling time of 10 seconds. The 
results are shown in Figure 5.15. 
It can be seen that, close to the edge, the micro-hardness is between 210 and 235 HV 
and between 5 and 10 µm is decreasing dramatically for all samples. The optimized 
Rz gear sample number 1 and optimized Ra gear sample number 2 appear to have a 
small variation of microhardness for the next interval between 10 and 15 µm and 
almost no variation until the 25 µm depth. Therefore, the hardness of the bulk 
material has been reached at a depth of 15 µm for this two samples with a roughly 
value of 178 HV. For all response optimized (multi-response optimization) gear 
sample number 3, the values of microhardness are showing a good variation until 20 
µm distance and only at this depth are becoming normalized, approximately reaching 
the same core material hardness reached by the other samples. Considering the micro-
hardness of the core material, approximately 23% increase in hardness is observed. 
This may imply some possiblestructural changes on the surface and subsurface, at the 
grain level, that are expected as a result of the heat energy deliver by the nature of the 
machining process, and cannot be neglected or stopped. 
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Figure 5.15. Variations in micro-hardness of the three investigated samples 
 It is to be noted that an increase in hardness at the surface and its variation was 
acceptable and did not lead to any kind of defect or damage rather can be seen as the 
increased wear resistance of the surface material. Thefindingsfor surface hardness 
correlates with the HAZ investigation presented above and the SEM images clearly 
shows the affected zone.  
5.3 Conclusions 
This chapter reports single and multi-response optimization of laser beam machining 
parameters to obtain high gear quality in terms of low surface roughness and 
dimensional deviation, and high process productivity. The optimum process 
parameter combination that will satisfy the best response according to the set criteria 
was established for each individual response. Responses were also coupled to 
determine optimum process parameters when considering the surface roughness alone 
or when considering surface roughness with productivity and with dimensional 
deviation. Similarly, an optimization analysis was performed for the combination of 
all response considered.  
The optimized process parameters were used to execute another set of experiments 
with the purpose to verify the analysis predictions. The experimental values were very 
closed to the predicted values with registered errors between 1.3 and 6.6%.  
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Considering that the laser cutting process is highly unpredictable, the microstructure 
investigation revealed extremely good and uniform surfaces of the cut as examined by 
SEM images. The absence of micro-cracks, voids, and other defects are also an 
indication of a good surface integrity that together with the low surface roughness or 
precision finish obtained, compliment high quality to the miniature gears fabricated 
by LBM. Furthermore, a minimum HAZ depth was obtained and a very small dross 
attachment on the bottom edge.No adverse thermal effect on the machined surface of 
the gear was identified and the increase in hardness of the surface and subsurface 
contributed to the gear tooth surface resistance to wear.  
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Chapter 6. Conclusion and Future work 
As driven by demand, machine components miniaturization has become a 
requirement for the technological advancement in many fields such as bio medical, 
aerospace, automotive, communications and electronics, just to mention a few.The 
micro-components are vital parts of microsystems that promise to enhance quality of 
life, health care and economic growth. Many such micro-systems are relaying on 
meso and micro-gears as means of motion and power transmission. These miniature 
gears must provide great functional characteristics, operating performance and long 
service life. Their fabrication, as for any micro-component fabrication, requires 
reliable and repeatable methods and accurate analysis tools. However, the full 
production environment is constrained by conversion of machine-system from macro 
to micro-manufacturing, by low productivity and the incapacity to manufacture small 
batch sizes at low cost. Laser beam cutting is a machining process that can increase 
the efficiency, reduce cost, process a wider range of materials, have flexibility and 
simplify the production of micro-components,such as the miniature spur gears. This 
has been proved by the analysis of the results of this research work. The particular 
interest for this thermal non-contact process in micro-component fabrication is the 
ability to apply, in extremely small areas, controlled amounts of energy and, the 
process ability to operate in a flexible manner at high production rate. 
The hypothesis of the current research investigation was thatlaser beam cutting 
process has the capacity to fabricateinvolute profile miniature gears of good quality 
from stainless steel material. This was formulated based on the research gap found in 
the literature regarding the laser beam cutting as a non-conventional method for 
manufacturing miniature components, particularly miniature gears. To that purpose, 
scientific methods of investigation and proper methodology have been used as 
follows: 
 Extensive review of past research regarding the laser beam cutting process; 
 Thorough understanding of the process input parameters and mechanism and 
investigation ofthe available research in the field; 
 Understanding experimental design techniques and select the appropriate 
design of experiments for the process investigated based upon the resources 
available; 
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 Performing experimental work and data collection from measurements of 
responses according to standards; 
 Analysing the collected data and interpret results in terms of input parameters 
effect, either individual or combined, on responses; 
 Establishing the mathematical relationship between the response and output 
parameters by using numerical modelling; 
 Executingprocess optimization and the experimental validation; 
 Conductingthorough investigation of the optimized gears in terms of surface 
microstructure, extent of HAZ and dross formation (with the help of SEM) as 
well as machined surface micro-hardness. 
The achievements, final conclusions and major contributions of this work are 
presented in the following sections. 
6.1. Comparative evaluation 
Many of non-conventional or advanced manufacturing processes have been explored 
and proven to be suitable for meso and micro components fabrication. However, each 
process has inherent capabilities and limitations. For the fabrication of miniature 
gears, the most investigated process is spark erosion based machining processes such 
as WEDM followed by EDM, and few attempts were done using AWJM.Table 6.1 
highlights how some importantcharacteristics are applicable to each of the most 
common non-conventional processes for comparison purposes. 
The spark erosion based processes have restrictions to only electrically conductive 
materials while LBC is applicable to all materials except the highly reflective ones. 
Complex shapes with good surface finish and minimal or no thermal affectedzone can 
be produced by all of the listed processes, providing that the optimum selection of 
input parameters is used. Some processes require tooling (EDM) and have a low or 
very low material removal rate (EDM,WEDM), resulting in high production cost per 
component. 
Out of the listed processes only LBC is capable of mass producing inexpensive 
components with high material removal rate, fabricated on a flexible machine system 
that can easily change between jobs and adjust from macro to micro-fabrication. The 
productivity and flexibility is the greatest advantage of the LBC system that makes it 
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very attractive for the manufacturing industry. The findings of this study confirms its 
capability to produce good quality miniature gears and, by extrapolation, any 
miniature component with an intricate shape and at a faster rate.  
Table 6.1. General comparison of process characteristics between advanced 
machining processes for miniature gear manufacturing [34,44,80-83] 
                  Process 
Characteristics 
EDM WEDM AWJM LBC 
Suitability to a wide 
range of materials 
No, only 
electrically 
conductive 
materials 
No, only 
electrically 
conductive 
materials 
Yes Yes, 
except 
highly 
reflective 
Surface quality 
produces 
Good Good Good Good 
Precision/ accuracy  High High High, for 
thin 
materials.  
High, for 
thin 
materials 
Chances/Occurrence 
of Heat Affected 
Zone 
Minimal Minimal No Minimal 
Material removal 
rate/Productivity 
Low  Low  Moderate Highest 
Tool requirement Yes, electrode 
tool - negative 
shape of 
components 
Yes –copper, 
tungsten or 
brass wire  
Yes, 
abrasives 
No 
Cost per gear High  High  Moderate Low 
Initial investment 
cost 
High High High High 
Process  flexibility Least Low Moderate Best 
(highly 
flexible) 
 
6.2. Achievements and Conclusions 
This study represents the first attempt to establish laser beam cutting process as a 
feasible alternative for the manufacture of miniature spur gears of high quality. The 
significant achievements of the present research are as follows: 
 A detailed successful examination of laser beam cutting of miniature gears 
using CO2 industrial laser cutting machine of 5 kW maximum output power; 
 Development of the pilot and main experimental stages based on an 
appropriate DOE technique; 
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 Analysis of the effect of process parameters on the considered process 
responses (i.e. surface roughness, MRR and dimensional deviation); 
 Development of regression models to establish the relationship between 
process parameters and responses; 
 Optimization of process parameters to achieve the goal set for each response, 
i.e.  minimum surface roughness and dimensional deviation and maximum 
MRR; 
 Use of desirability technique for multi-response optimization where the 
conflicting response objectives have been simultaneously optimized; 
 Experimental verification of the optimized results; 
 Ascertain other quality aspects of the optimized gears such as tooth flank 
microstructure as observed on SEM images, HAZ, presence of dross and 
surface hardness; 
 Establish LBC as a viable substitute of other manufacturing processes for the 
fabrication of miniature gears. 
The conclusions of this research work can be summarized as follows: 
1. Using an industrial CO2 laser cutting machine and nitrogen as assist gas, good 
quality spur gears from stainless steel grade SS304 with thickness of 4.5 mm 
and 9.04 mm outside diameter have been cut. 
2. The LBC process is highly dynamic and is governed by many input variables 
from which laser power, cutting speed, focal position and gas pressure have 
been considered in this study have been identified as the significantparameters 
affecting quality of the machined miniature gears.  
3. Statistical analysis of Rz and Ra models resulted in significant interactions 
between all parameters considered. The model of MRR highlighted the cutting 
speed as the main factor influencing it and only the interaction of laser power 
with gas pressure and focal position with gas pressure as important 
interactions but with minimal contribution.  Dimensional deviation model 
emphasizes three highly significant interactions, namely laser power with 
cutting speed and focal position as well as the interaction of gas pressure with 
focal position. 
4. From the main experiments analysis, it was found that both surface roughness 
responses Rz and Ra were following the same trend and good surface 
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roughness may be obtained at a combination of high laser power with 
maximum gas pressure and minimum cutting speed with maximum laser 
power. A low value of surface roughness may also be obtained at a focal 
position of 1.5 mm below the top surface of the workpiece while the cutting 
speed is kept low. 
5. A decreasing trend of dimensional deviation was registered with increased 
laser power and decreasing focal position (i.e. closer to the top of the 
workpiece). Good value of dimensional deviation was obtained at a 
combination of high laser power with high cutting speed and a focal position 
between 1.5 and 2 mm from the top of the workpiece. 
6. The optimization of each individual response resulted in a set of solutions, 
from which the one with predicted value closest to the set goal for that 
response was selected. The multi-optimization of paired responses and all 
responses resulted in the combination of optimum process parameters and 
prediction of responses. 
7. The experimental work conducted based on the optimization models revealed 
close values of responses to the predicted values, with errors less than 2.3% 
for single optimization, less than 4.67 % for coupled optimization and for 
multi-optimization a percentage difference between 2.7 and 6.6%.  
8. The experimental results are comparable with the predicted value, since the 
differences are minimal, giving the confidence to conclude that the 
optimization method is valid. 
9. The validation experiments for the optimization of single response resulted in 
values of 2.06 µm for Rz and 0.43 µm for Ra, 6322 mm3/min of MRR and a 
dimensional deviation of 0.7081%. The surface roughness and MRR values 
are better than the ones (1 µm and42.97mm3/min) obtained by past 
researchers[28, 84] using other advanced processes. 
10. For the microstructure investigation of the optimized gears the surface 
morphology, HAZ,dross formation and the surface hardness were investigated 
to reveal a uniform surface throughout the depth of the cut with slight 
waviness from the solidified melt flow. This suggests good laminar flow, with 
no flow separation, that resulted in consistent surface for all three regions of 
the tooth flank, as provided by the SEM images. The great surface appearance 
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with no micro- cracks, nicks or voids is in agreement with the low surface 
roughness value recorded. 
11. The SEM images also provide information regarding the size of dross 
attachment at the bottom of the cut that was 0.14 mm for one sample and 0.25 
mm for another. These values are comparable with previous studies [85, 86] 
indicating that the performed optimization resulted in minimal dross 
formation. It is important to mention that the third sample investigated hardly 
presented any dross attachment therefore a dross free gear can be obtained.  
12. The HAZ, that is clearly visible under SEM, had ameasured average 
widthbetween 7 to 16.2 µm that, by comparison with similar research where 
the width of HAZ was ranging between 15 to 30.33µm [85],is much less. This 
is significant as a lower HAZ is an indicator of a minimal thermal effect on the 
machined surface. The finding correlates with the micro-crack free surface 
observed and demonstrate that the optimization provided the proper balance of 
the cutting process parameters for reduced adverse thermal effect. 
13. The micro-hardness investigation showed good correlation with the width of 
HAZ and the approximately 23% increase in hardness from the hardness of the 
core material is expected as the result of heat energy applied during the 
process. The harder surface obtained will increase the wear resistance of the 
component. 
14. This research shows that there is no requirement for specialized LBC system 
as an industrial one can easily switch from macro to micro-fabrication. 
15. The final conclusion is that high quality miniature spur gears have been 
successfully fabricated using CO2 laser system from 4.5 mm stainless steel, 
with great efficiency establishing the LBC process capability and proving its 
superiority. 
6.3. Major contribution from this research 
The present research is a novel study that has brought the laser beam cutting to the 
forefront of nonconventional machining technology, capable of fabricating miniature 
spur gears with a precision surface finish and good integrity.This study proves the 
versatility of the system as it is switching frommacro to micro-fabrication within the 
same environment and most importantly the incomparable productivity rates. 
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As no past research was applying the LBC process to intricate profiles of small 
dimensions,thisstudy highlights the possibility of cutting complex shapes and, when 
using properly optimized process parameters, to obtain good quality miniature 
components such as miniature gears. 
Another contribution from this work is the experimental validation of the optimization 
method whichconfirms that the method is effective and can be confidently used as 
optimization procedure for other responses investigation or even for optimization of 
entirely different process. 
6.4. Further research recommendations 
As the current study is the first attempt to validate LBC as a practical and productive 
alternative manufacturing process for the fabrication of miniature gears, there is 
definitely more scope for further research that may include: 
 Consideration of other input parameters effects on gear quality such as nozzle 
distance, nozzle diameter and frequency; 
 Evaluation of process parameters combination for dross free miniature gear; 
 Exploration of other laser cutting systems such as NdYag and fiber laser; 
 Research of miniature gears made from other gear material such as aluminium, 
bronze, or brass using an appropriate laser cutting system; 
 More in depth evaluation of gear accuracy in terms of profile, pitch, and 
runout etc.; 
 Design of a test rig for laser fabricated miniature gear’s functional testing of 
noise and vibration in actual running conditions. 
 Sustainability assessment of laser beam cutting/machining for miniature gear 
manufacturing. 
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Appendix A- Technical specifications of measuring equipment 
A.1. Scan electron microscope 
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A.2. Optical microscope 
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A.3. Surface roughness tester 
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A.4. Roughness measuring system 
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Appendix B- Technical specifications of laser cutting machine 
B.1. General data 
 
 
 
Closed machine frame with integrated laser unit: 
 
CO2 laser TLF 3200 Watt incl. Linsenüberwachungs sensors. 
High frequency stimulated reflecting telescope, cooling unit 
HI-Las high pressure cutting 
Laser cutting head with 7.5 "lens 
Cutting head quick change facility 
Automatic sheet metal outer edge detection 
APC height control and process control 
Position lasers diode 
Programmable cutting gas pressure setting 
Programmable power cycles 
Microweld 
Plasma sensors PMS 
Fast processing with SprintLas 
ContourLas for making small holes 
Automatic focus position adjustment of AutoLas plus 
Logbook function laser 
Retractable range with external circulation 
Oil spray for safe thick sheet metal processing 
Automatic switch-off 
Lighting of workroom 
